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Chapter 


Concepts 


INTRODUCTION 


This chapter deals with a general discussion 
of celestial concepts and definitions. The more 
this material is understood, the easier it will be 
to grasp the mechanics of celestial navigation. 


When the ground is not visible and a position 
cannot be established with other methods, 
celestial observations offer the only available 
aid to dead reckoning. On long overwater flights, 
flights over uncharted areas, or deep penetration 
into enemy territory, celestial navigation be- 
comes indispensable. Since most of today’s 
aircraft fly at high altitudes above normal cloud 
coverage, celestial navigation is an aid to dead 
reckoning which is available most of the time. 
It has worldwide coverage, and hence is ex- 
ceptionally useful in polar regions. Further- 
more, this type of navigation is not subject to 
enemy detection or jamming — an intangible 
advantage whose value can never be over 
estimated. 


Each celestial observation yields one line of 
position. In the daytime, when the sun may be 
the only visible celestial body, it may become 
necessary to use successive LOP’s singly as 
course lines or speed lines. At night, however, 
when numerous bodies are visible, LOP’s ob- 
tained from the observation of two or more 
bodies may be crossed to determine a fix. 


It is impossible to state, in so many miles, the 
accuracy expected from a celestial fix. Celestial 


accuracy depends on many things, such as the 
navigator’s knowledge and skill, the type and 
accuracy of the equipment and instruments, the 
speed of the aircraft, and the prevailing weather 
conditions. With the ever-increasing speeds and 
ranges of aircraft, celestial navigation not only 
becomes more necessary, but also more demand- 
ing of the navigator’s ability. Further, it be- 
comes more important that the fix be plotted 
and used as quickly as possible. More accurate 
instruments are needed as well as improved 
techniques to minimize errors and reduce the 
time consumed in celestial navigation. 


The necessary equipment presently being used 
consists of: 


1. A sextant for observing the celestial body. 


2. A watch from which the time of observation 
can be determined to the nearest second. 


3. An Air Almanac for locating the position 
of the celestial body observed. 


4. Celestial tables for computing the line of 
position. 

The navigator does not have to be an astron- 
omer or mathematician to establish a celestial 
line of position. The ability to use a sextant is a 
matter of practice, and specially designed celes- 
tial tables have reduced the necessary computa- 
tions to simple arithmetic. 


With regard to celestial navigation, such 
questions may arise as: What information do 





AFM 51-40 VOL Il 15 APRIL 1960 


celestial observations provide? How can this 
information be used to determine an LOP? The 
answers to these questions are based on some 
fundamental ideas which will be presented in 
this chapter. First, consider the celestial bodies 
themselves and certain facts concerning them. 


SOLAR SYSTEM AND ITS GALAXY 


The solar system, vast as it is, dwindles to 
insignificance when placed in its proper setting 
within the galaxy of which it forms a part. 


The sun, the most conspicuous celestial object 
in the sky, is the center of the solar system. It is 
a star of average size, one of many comprising 
the galaxy. It is located about 30,000 light-years 
from the center of the galaxy — a little more 
than halfway to the edge. Associated with it 
are at least nine principal planets, of which the 
earth is one. Other members of the solar system 
are thousands of smaller planets called asterozds; 
multitudes of comets, which consist of countless, 
relatively small, widely separated bodies held 
together by mutual attraction; and vast numbers 
of meteors, which are tiny, solid, individual 
bodies. 


These bodies are held captive by the gravita- 
tional attraction of the sun, even though all are 
moving through space at high speed. The 
combination of the speed of each body, plus the 
sun’s attraction, causes the various members of 
the solar system to move around the sun in 
closed elliptical paths called orbits, of varying 
degrees of eccentricity. Some of the planets 
themselves have captive bodies which revolve 
around them. Such bodies are called satellites. 
The moon is the only satellite of the earth. 


The bodies of the solar system rotate on their 
axes and revolve about their primary (the sun 
or planet). In addition, they accompany the 
sun in its motion about the center of its galaxy, 
and the whole galaxy is perhaps in motion 
relative to its neighbors. Our galactic system is 
estimated to be 100,000 light-years in diameter, 
and 10,000 light-years thick at the center. 


Its vastness becomes even more impressive, 
considering that the speed of light is about 


]-2 


THE MILKY 


THE CONCENTRATION 
OF STARS SEEN BY 
LOOKING TOWARD 
THE CENTER OF OUR 
GALAXY 


OTHER: 
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161,875 nautical miles per second. There are 
about 31,600,000 seconds in one year; therefore, 
the distance light travels in only one light-year 
is about 5,110,000,000,000 nautical miles. Rel- 
atively few stars are less than 100 light-years 
away, and the most distant galaxies thus far 
observed are one billion light-years away. For 
comparison, it takes light only about 814 min- 
utes to travel the mean distance of the sun from 
the earth, which is 80,720,000 nautical miles, 
and 114 seconds to arrive from the moon, whose 
average distance from the earth is about 
207,550 nautical miles. 


The shape of a galaxy has been compared to 
that of a tremendous pie. The earth exists within 
its galaxy near one edge of the “‘pie’’ as shown 
in the captioned illustration. As one looks along 
the disk of the galaxy, he sees a myriad of faint 
stars appearing as a bright hazy band across the 
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The earth exists within one edge of its galaxy 


sky and forming a background for the brighter 
stars nearby. This familiar bright band is known 
as the Milky Way. The entire galaxy is believed 
to rotate about its axis, the rate of motion of our 
sun being about 152 nautical miles per second. 
At this speed more than 200 million years are 
needed for one trip around the center. 


It is estimated that our galaxy contains 100 
billion stars, which are not evenly distributed, 
but are more concentrated at the center and in 
two arms which sweep outward in long spirals. 
Beyond our galaxy more than 4000 similar 
systems have been identified. It has been 
estimated that there may be as many as 100 
billion galaxies within reach of modern tele- 
scopes. These distant galaxies are roughly com- 
parable to our own, containing similar types of 
stars, dark patches and dust. The entire area 
containing all the galaxies is the wniverse. 


The overwhelming magnitude of distances 
and the number of celestial bodies comprising 
the universe are almost beyond conception. Yet 
man has discovered that numerous celestial 
bodies appear to remain fixed in space and 
follow seasonal patterns, and he has used them 
throughout the ages to determine directions. 


Basic Celestial Concepts 


Certain fundamental concepts underlie the 
celestial ideas to be discussed here. The first 
of these is the sphere. A sphere is a ball-shaped 
object, so formed that every point on its surface 
is equidistant from its center. The earth is not 
a true sphere; however, for navigational pur- 
poses, it is considered perfect and is called the 
terrestrial sphere. 
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The plane of a great circle passes through the cenfer of the earth 


Any circle on a sphere whose plane passes 
through the center of that sphere is called a 
great circle. The equator is a great circle on the 
terrestrial sphere. Any circle on a sphere whose 
plane does not pass through the center of the 
sphere is called a small circle. Note in the 
illustration that the small circle appears the 
same as a parallel of latitude. Parallels of 
latitude (excepting the equator) are small 
circles on the terrestrial sphere since their 


planes do not coincide with the center of the 
earth. 

On a clear night a vast array of stars and 
perhaps several planets and the moon are visible. 
The stars move across the sky from east to 
west, while maintaining fixed positions relative 
to one another. The accompanying illustration 
shows how the Big Dipper has moved in the 
sky, but the same pattern still exists. The 
planets and the moon, on the other hand, appear 





Stars maintain fixed positions relative to one another 
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to move among the stars. The planets are 
scattered through space at different distances 
from the earth and follow complicated motions 
of their own. 


MOTIONS OF CELESTIAL BODIES 


The true relationship of the celestial bodies 
does not have to be understood as long as a few 
basic facts concerning their apparent relation- 
ships to the earth are known. However, an 
understanding of the true relationships will 
increase interest in celestial navigation and will 
make it easier to learn, understand, and remem- 
ber the facts which are needed. 


From the viewpoint of navigation, the 
celestial bodies fall into two classes: the fixed 
stars, and the bodies of the solar system. The 
fixed stars are incandescent bodies of vast size 
at tremendous distances from the earth. They 
are so far away that, despite their size, they 
look like mere pinpoints of light which seem to 
waver or twinkle. 


The solar system consists of the sun, the 
planets, and the satellites. These bodies are 
important to us because of their nearness to 
the earth, which is itself a planet of the solar 
system. The planets, including the earth, are 
bodies which move about the sun. They are 
cold and shine by the reflected light of the sun. 


Four planets are used in navigation: Venus, 
Mars, Jupiter, and Saturn. They look like very 
bright stars and usually shine with an unwaver- 
ing light. Satellites are smaller bodies which 
move about the planets. The only natural 
satellite of importance to us is the moon, which 
moves about the earth. It, too, shines by the 
reflected light of the sun. 





Subpoints of stars move westward 
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Earth's Principal Motions 


The two principal motions of the earth which 
cause apparent motions of the celestial bodies 
are rotation and revolution. Rotation is the 
turning of the earth about its own axis. Revolu- 
tion is the motion of the earth along an elliptical 
path about the sun. There are other motions of 
the earth which will be discussed later. 


ROTATION: The earth rotates on its own axis 
once every 24 hours. It turns from west to east, 
or counterclockwise, as seen from above the 
North Pole. The stars appear to be fixed in 
space, but this motion of the earth causes them 
to appear to rotate from east to west. On the 
earth it seems as though the navigator is stand- 
ing still, while the celestial bodies appear to 
move from east to west. Hence, he sees the 
celestial bodies rise in the east and set in the 
west. The illustration shows the subpoint of a 
star as moving westward over the earth’s 
surface. 


The daily path of the subpoint is called a 
diurnal circle. Notice that the diurnal circle of 
a star is a parallel of latitude corresponding to 
the declination of that particular star. 
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Subpoints of the sun, moon, and planets move 
westward in a spiral path moving north or 


south as the dec. increases north or south 


Since the declinations of these bodies within 
the solar system change constantly, the daily 
paths of their respective subpoints are not really 
circles, but rather spirals which move north or 
south with changes of declination, as shown in 
the above illustration. 


The paths they seem to trace will vary with 
latitude. Consider here the appearance of the 
heavens to observers at the equator, at the 
North Pole, and at a middle latitude. 


In the related diagrams, the observer is at 
the North Pole. Since the celestial bodies appear 
to rotate about the pole, the fixed stars appear 
to move clockwise, always at the same altitude 
above the horizon, never rising or setting. Thus, 
the same stars are above the horizon throughout 
the year. 


As the sun, the moon, or the planets become 
northerly in declination, they will become 
visible to the observer at the North Pole. When 
the sun is visible, the stars and north declination 
planets can no longer be seen, but they are still 
there. The sun changes in altitude throughout 
a given period of time by the amount of declina- 
tion change. Since the sun has a_ northerly 
declination about one-half of the year, the sun 
will be visible for about six months continuously, 
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after which there will be a six-month period of 
twilight and night. This is true because the 
celestial horizon and equator are coincident, 
and any body with a northerly declination is 
above the horizon. All stars with northerly 
declination are visible throughout the long 
period of night and all are circumpolar; that is 
they never set, but appear to make a circular 
path about the north celestial pole. 


iy, NORTH 


POLE 


Appearance of the heavens and paths of the 
stars overhead to the observer at the North Pole 


a CLOCKWISE 


| aE CLOCKWISE 


Sie ac east Sees Ee 


HORIZON 


Appearance of the heavens and apparent 
paths of the stars looking af the 
horizon for the observer at the North Pole. 
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Some bodies are circumpolar 


The greater the northerly declination of a 
body, the higher it appears in the heavens to 
an observer at the North Pole. Polaris, the 
north star, has a very high northerly declination 
and consequently is practically overhead for the 
observer at the North Pole. 


To the observer at the equator, the north and 
south celestial poles are on the horizon. Every 
body is above the horizon for half a day, and 
below for the other half. 


To an observer at an intermediate latitude, 
the appearance of the motions of the celestial 
bodies is intermediate between their appearance 
at the equator and their appearance at the poles. 
At middle latitudes, the equator is oblique to 
the horizon. The pole that has the same name 
as the observer’s latitude is called the elevated 
pole. 


Refer to the illustration, Some Bodves are 
Circumpolar, where the observer is at an inter- 
mediate latitude. If the angular distance of the 


body from the elevated pole is less than the 
observer’s latitude, the body is circumpolar. A 
body is circumpolar when it seems to revolve 
around the pole without ever going below the 
horizon. Although the illustration shows north 
latitude, the same thing applies for south 
latitudes. To an observer in north latitude, a 
north circumpolar body. never sets. The sub- 
point of Dubhe, whose declination is 62°00’ N, 
is 28°00’ from the North Pole. Therefore, Dubhe 
is cireumpolar north of latitude 28°01’ N. 

The greater the observer’s latitude, the 
greater the proportion of the bodies that will be 
circumpolar. At the equator no body will appear 
to be circumpolar. At the pole, all visible stars 
will be circumpolar. 


REVOLUTION: Simultaneous with rotation, the 
earth has another important movement. The 
earth revolves eastward around the sun, making 
one complete revolution every year. The path it 
follows, called its orbit, is a nearly circular 
ellipse, whose average radius is about 93 million 
miles. 
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22 JUNE 
SUN IS 
VISIBLE 
AT THE NP 
(MAX N. DEC) 


21 MAR SUN IS ON 

HORIZON AT 

BOTH POLES 
(0° DEC) 


SUN IS 
VISIBLE 
AT THE SP 
(MAX S. DEC) 


21 SEPT 
SUN IS ON 
HORIZON AT 
BOTH POLES 

(0° DEC) 


Seasonal changes of Earth’s position 


Revolution causes the appearance of the 
heavens to change through the year. It also 
contributes to changes in the sun’s declination 
and to changes in the seasons. This motion of 
the sun is along a great circle path called the 
ecliptic. 


Revolution does not appreciably affect the 
declination of the stars because they are at 
great distances and the light rays from them 
are nearly parallel. 


In the diagram, consider the observer as 
being on the equator at noontime looking at 
the sun in each of the four positions of the earth. 
Notice that this would place the subpoint of 
the sun in four very different positions on the 
earth. These are the four points along the 
ecliptic that will be presently discussed in detail. 
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SEASONAL APPEARANCE OF SKY. An observer 
outside of the polar regions will notice a change 
throughout the year in the constellations 
which are visible at a given time of night. 
Consider the changes which would appear to an 
observer at the equator. 


As the earth revolves in its orbit, it contin- 
uously rotates on its axis. Night and day are 
determined by which side of the earth is turned 
toward the sun. Although stars are ever present, 
they are not visible when the sun is above the 
horizon. The stars are visible only from the 
side of the earth away from the sun, where it is 
night. 


The earth makes one complete revolution in 
its orbit in about 3865 days. In other words, 
every day the earth moves about 1/365th of the 


way around its orbit, or nearly 1° of the annual 
360°. Thus, each night the earth has swung 
around so that its dark side is turned in a 
different direction in space by nearly 1°. Con- 
sequently, each night the panorama of stars 
visible, for example at midnight, has shifted 
to include stars about 1° farther east. 


After half a year, when the earth has reached 
the opposite extreme of its orbit, its dark side 
will be turned in the opposite direction in space 
and will be facing a new field of stars. Hence, 
an observer at the equator will see an entirely 
different sky at midnight in June than that 
which he saw at midnight in December. In 
fact, the stars he sees at midnight in June are 
those which were above the horizon at midday 
in December, but not visible because of the sun. 


EcLIPTIC. The apparent motion of the sun’s 
subpoint on the earth is caused by the revolution 
of the earth around the sun. As the earth moves 
in its orbit, the stars overhead at midday shift 
from day to day just as do the stars overhead 
at midnight. Thus, from each new daily view- 
point on the earth’s orbit, the sun is seen 
projected against a different point on the invisible 
background of stars. In the course of a year, as 
the earth goes around the sun, the sun seems 
to make a complete circuit of the earth as shown. 


ECLIPTIC 


The Earth’s 
revolution causes 
the apparent 
motion of the sun 
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Ecliptic with solstices and equinoxes 


The motion is not along the equator, but 
along another great circle, called the ecliptic, 
which is inclined to the equator at an angle of 
about 23°27’, and is seen in the illustration. 
This great circle lies in the plane of the earth’s 
orbit around the sun, since it is this actual 
motion that causes the apparent motion of. the 
sun. Therefore, the ecliptic may also be defined 
as the apparent path of the sun among the stars. 


The two points at which the ecliptic crosses 
the equator are called equinoxes (meaning 
“equal nights’’), since days and nights are of 
equal length all over the earth when the sun is 
at these points. The sun is at one of these points 
about March 21. This is called the vernal 
equinox or first point of Aries (T). 


Since the sun’s subpoint is on the equator at 
this time, its declination is 0°. As it continues 
eastward, it arrives, about June 21, at one of the 
points of maximum separation of the ecliptic 
and equator. This is called the summer solstice. 
At this time the declination of the sun reaches 
its maximum value of about 23°27’ N, and since 
the ecliptic and equator are parallel at this 
point, the change in declination of the sun is 
momentarily zero, increasing slowly on each 
side of this point. Hence, the name solstice 
meaning “‘sun standing still.” 
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The sun arrives at the autumnal equinox about 
September 23, when the declination is again 0° 
and the days and nights are of equal length. In 
another three months it arrives at the winter 
solstice about December 22, when the declination 
is again maximum, but on the other side of the 
equator. By March 21 it has arrived back at 
the vernal equinox, completing the cycle. 


The terms equinox and solstice refer both to 
the points indicated and the times at which the 
sun is at these points. 


SEASONS. In’ the Northern Hemisphere the 
sun is north of the equator between March and 
September and south between September and 
March. When the sun is on the same side of the 
equator as the observer, it climbs higher in the 
sky and stays above the horizon longer than 
when it is on the opposite side. Thus, at latitude 
40° north, the sun rises about 0430 and sets 
about 1980 on the longest day of the year which 
is in June. Hence, the sun is above the horizon 
for 15 hours and is below the horizon for 9 
hours. On the shortest day of the year, in 
December, the periods are reversed. 





The moon rotates on its 
axis every 292 days 


Partly for this reason, and also because the 
rays are more vertical and therefore more con- 
centrated during the summer, the summer 
months are warmer. While the Northern Hem- 
isphere is having its summer, the Southern 
Hemisphere is experiencing winter. 


The hottest part of the summer occurs several 
weeks after the summer solstice because the 
earth continues to receive more heat than it 
dissipates, though at a decreasing rate. As the 
heat continues to accumulate, the rate of 
dissipation increases. The hottest part of the 
summer occurs when a balance is reached be- 
tween these two processes. Similarly, the coldest 
part of the winter lags several weeks behind the 
shortest day of the year. Because of this lag, 
summer (in the Northern Hemisphere) is gen- 
erally considered to start at the time of the 
summer solstice and winter at the time of the 
winter solstice. Likewise, the intermediate 
seasons, spring and autumn, begin at the time 
of the vernal and autumnal equinoxes, re- 
spectively. 


Motions of Other Bodies 


Having considered the real motions of the 
earth and the resulting apparent motions of the 
celestial bodies, now consider the real motions 
of these celestial bodies with respect to one 
another, and how they further affect these ap- 
parent motions. The fixed stars are so called 
because they appear to maintain the same 
relationship to one another year after year. 
Actually, these stars are in rapid motion, but 
their distance from the earth is so immense that 
their apparent movements can be detected only 
by very precise measurement. The whole solar 
system, too, is moving through space, but the 
sun has no real motion which affects the ap- 
parent motions of any body. Therefore, only the 
planets and the moon have real motions which 
appreciably affect their apparent motions. 


PLANETS. The word planet was derived from 
the Greek word meaning wanderer. The astron- 
omers discovered these bodies wandered among 
the fixed stars. The planets revolve in orbits 
around the sun. Venus, in an orbit closer to the 
sun than that of the earth, is an inferior planet; 
while Mars, Jupiter, and Saturn, in orbits 
beyond that of the earth, are swperior planets. 
Since the planes of these orbits are within 3° of 
the plane of the earth’s orbit, the planets always 
appear to move in the band of the sky known 
as the Zodiac, which extends for 8° on either 
side of the ecliptic. 


For the same reason that the sun appears to 
move eastward, the planets also usually appear 
to move slowly eastward among the stars. How- 
ever, their apparent rate of movement is very 
irregular and sometimes they even appear to 
move westward. If the observer watches a 
planet night after night, he will see that it has 
about the same position among the stars but 
from week to week he usually will be able to 
detect its motion. 


Moon. The moon revolves eastward about 
the earth in a period of about 291% days, and 
during this time it appears to make a complete 
circuit of the earth. Thus, its apparent motion 
relative to the stars is rapid (amounting to 
about 13° per day), and is conspicuous to the 
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observer from one night to the next. The plane 
of the moon’s orbit is inclined at about 5° to 
the plane of the ecliptic. Consequently, the 
moon’s declination may change as much as 57° 
in one month. 


As the moon revolves in its orbit eastward 
about the earth, it also rotates eastward on its 
axis. This rotation of the moon takes 291% days. 
The illustration shows why an observer always 
sees the same side of the moon. 


CELESTIAL COORDINATES 


To plot a celestial LOP, the subpoint of the 
observed body must be located for the time of 
observation. Therefore, the navigator must be 
able to locate the geographical position of any 
body for any time. 


A body’s subpoint can be positioned on the 
earth by spherical coordinates similar to latitude 
and longitude. The reference lines used are 
counterparts of meridians and parallels of 
latitude. Those celestial reference lines which 
are counterparts of parallels of latitude are 
called declination circles. 


An hour circle is a great circle passing through 
the poles and the subpoint of a given body. Hour 
circles are the counterparts of the earth’s 
meridians. However, because of the apparent 
rotation of the celestial bodies, an hour circle 
does not correspond to any particular meridian. 
All hour circles or meridians are divided by the 
poles. That half of an hour circle or meridian 
which contains the celestial body or the ob- 
server's position is called the upper branch. The 
opposite half is the lower branch. 


Declination and Sidereal Hour Angle 


Position on the earth is stated with relation 
to the equator and the Greenwich meridian. 
Likewise, position of the subpoints of celestial 
bodies are stated with relation to the equator 
and an arbitrarily selected hour circle. 


The declination of a subpoint is the angular 
distance the point is north or south of the 
equator. Declination is measured along an hour 
circle and ranges from 0° to 90° and corresponds 
to latitude. 


jtda. 
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SHA is measured westward 


The hour circle from which east-west position 
is measured is the hour circle passing through 
the first point of Aries. The first point of Aries 
or vernal equinox (YT) 1s an unmarked point 
on the equator. It is defined in Motions of 
Celestial Bodies. Though not absolutely sta- 
tionary with relation to the stars, the first 
point of Aries changes position so slowly that it 
may be thought of as fixed for a period as long 
as a year. The symbol for the first point of 
Aries (T) is the ancient symbol for the constella- 
tion of Aries, the ram. 


Sidereal Hour Angle (SHA) is the angular 
distance measured from the upper branch of the 
hour circle of Aries westward to the upper 
branch of the hour circle of the point in question. 
It corresponds roughly to longitude on the 
earth. SHA is always measured westward, never 
eastward; hence, it may be any angle from 
0° to 360°. Longitude, of course, is measured 
eastward or westward and does not exceed 180°. 


Greenwich Hour Angle 


The motions of celestial bodies, and the reasons 
why bodies within the solar system have con- 
stantly changing declinations, are discussed 
later in this section. For the present, however, 
it is sufficient to know that the sun is constantly 
changing in declination between certain values 
north and south of the equator. In the period of 





GHA * = GHA T+ SHA * 


one year the sun crosses the equator twice — 
once when it goes from north to south declina- 
tion, and once when it goes from south to 
north declination. 


The point on the equator where the sun 
crosses it going from south to north is called the 
first point of Aries. If the first point of Aries 
can be established, all stars can be located from 
this pont by means of declination and SHA. 


The declination of a body equals the latitude 
of its subpoint. However, the apparent rotation 
of the celestial bodies causes the longitude of 
their subpoints to change continuously. There- 
fore, the SHA is of no value by itself in express- 
ing the longitude of the subpoint. However, the 
longitude of the subpoint may be expressed by 
means of the Greenwich hour angle. 


Greenwich hour angle (GHA) is the angular 
distance measured from the Greenwich merid- 
lan westward to the upper branch of the hour 
circle passing through the point. Since it is 
measured only westward, it is an angle from 
0° to 860°. Thus, the GHA of a body is the west 
longitude of the subpoint if it is less than 180°. 
If it is more than 180°, GHA is 860°—east 
longitude. 


From the Azr Almanac the GHA of the sun, 
moon, planets, and Aries can be determined 





Measuring the local hour angle 


directly for any time. The GHA’s of the nav- 
igational stars are not tabulated, but can be 
easily found. Since GHA of Aries is the angular 
distance from Greenwich west to Aries, and 
since the SHA of the star is the angular distance 
from Aries westward to the star, the GHA of 
Aries plus the SHA of the star equals the 
angular distance from Greenwich westward to 
the star, which is the GHA of the star. 


Local Hour Angle 


Local Hour angle (LHA) is the angular dis- 
tance from the observer’s celestial meridian 
westward to the upper branch of the hour 
circle through the body. As shown in the 
accompanying diagram, the LHA can also be 
measured at the pole from the observer's 
meridian westward, through 360° to the meridian 
through the subpoint, or as an are of the 
equator. 


The LHA of a body can be found by applying 
the local longitude to the GHA of the body. 
If the navigator is in west longitude, the LHA 
of a body is equal to the GHA of a body minus 
the west longitude. If the navigator is in east 
longitude, the LHA of the body equals the GHA 
of the body, plus the east longitude. 


LHA =GHA — Longitude West 
(or+ Longitude East) 
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Time Diagrams 


When the navigator works with longitude and 
hour angles, a diagram may help him to under- 
stand their relationship. Such a diagram show- 
ing relationship of longitude and hour angle is 
called a tame diagram. It will be helpful in 
learning the definitions and formulas. 


A time diagram is an outline of the earth as 
seen from above the North Pole. It is constructed 
by drawing the equator as a circle with the 
pole at its center, and by drawing the meridians 
as straight lines radiating from the pole. Let the 
lower vertical radius represent the Greenwich 
meridian, thus fixing the positions of the other 
meridians. Draw the observer’s meridian in its 
approximate position relative to Greenwich, 
and indicate the approximate positions of the 
bodies and Aries outside the circle, labeling the 
angles. Remember that west is clockwise. 


Now the navigator has a picture of the whole 
situation. This should prevent him from making 
any error in using the formulas. For example, 
suppose he wants to find the LHA of a star, and 
the following information is known: 


Longitude of his position 65° E 
GHA YT 38° 
SHA *% 47° 


The time diagram shows that LHA of the 
star (150°) is the sum of the three given values. 


The time diagram can be simple, as the one 
shown in the illustration, or it can contain other 
items as well. In the chapter concerning time, 
the diagrams will be used to show a variety of 
items. 


Time Diagram 





GREENWICH “MERIDIAN 
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Circle is a celestial LOP 


ALTITUDE AND AZIMUTH 


When a body is observed through a sextant, 
an angle is measured from which the distance 
of the observer’s position from the subpoint of 
the body can be determined. Although this 
subpoint is continuously moving across the 
earth, its geographical position for the time of 
the sextant observation can be ascertained. 
Then, setting dividers at this distance as shown, 
a circle can be scribed about the subpoint. 
Since this circle passes through all points at this 
distance from the subpoint, it must pass through 
the observer’s position. Therefore, this circle is 
a celestial LOP. This is only a sketchy preview 
of the way a celestial LOP is obtained. Before 
taking out a sextant and shooting a celestial fix, 
the navigator must know what to measure with 
the sextant and how to determine the distance 
from the subpoint. Then he must know how to 
locate the position of the subpoint for the time 
of his observation. 


Horizons 


The visual horizon is that plane tangent to 
the earth at the observer’s position. A parallel 
plane passing through the center of the earth is 


the celestial horizon. The celestial horizon 
divides the earth into two hemispheres. The 
upper hemisphere containing the observer’s 
position is visible, whereas the lower is hidden 
from him by the earth. 


Many are familiar with the sea horizon or 
visible horizon — the line where sea and sky 
appear to meet. The position of the visible 
horizon depends on the height of the eye above 
the sea. If the eye is at the level of the sea, the 
visible horizon coincides with the celestial 
horizon, and only those bodies which are above 
the celestial horizon can be seen. If the observer 
is above the sea, the visible horizon is below 
the celestial horizon. If the navigator were in the 
aircraft depicted in the illustration, it can be 
seen that the higher the aircraft goes the lower 
the visible horizon will be; and more bodies will 
be seen below the celestial horizon. On land, of 
course, the visible horizon is irregular because 
of the unevenness of the terrain. 


The horizon most used by the air navigator 
is the bubble or artificial horizon. As in a 
carpenter’s level, a bubble indicates the ap- 





NADIR 


Celestial Horizon is 90° from zenith and nadir 


parent vertical and horizontal. By means of the 
bubble, the navigator can level the sextant, and 
establish a reference plane parallel to the plane 
of the celestial horizon. This plane is the artif- 
cial horizon. The artificial horizon is established 
by the bubble in the sextant. Notice in the 
related illustration that the plane of the bubble 
horizon and the plane of the celestial horizon 
are parallel and are separated by the radius of 
the earth. In comparison with the vast distances 
to the celestial bodies, the radius of the earth 
is immeasurably small. Therefore, if two parallel 
circles on the earth are separated by a linear 
distance equal to the radius of the earth, these 
two circles must appear to coincide. Thus, the 
artificial horizon and the celestial horizon appear 
to coincide and can be considered identical. 


Altitude 


The geographical position of a celestial body 
can be determined for any time. To establish 
a celestial LOP, the observer’s position relative 
to the geographical position of a celestial body 
must be ascertained. The factor which can be 
measured most conveniently, with some degree 
of accuracy, is the altitude of the body. 


PLANE OF 
ARTIFICIAL HORIZON 


PLANE OF 


CELESTIAL HORIZON \ 


\ 


Visible Horizon Varies with Altitude 
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The altitude of a celestial body is its angular 
distance above the celestial horizon. Altitude is 
measured from the horizon along the great 
circle passing through the observer’s position 
and the body. In the diagram, the great circle 
passing through the observer’s position is per- 
pendicular to the horizon. Any great circle 
which passes through the observer’s position 
and is perpendicular to the horizon is called a 
vertical circle. The altitude of a body can be 
measured with a sextant. The altitude read from 
the sextant is called sextant altitude (Hs). How- 
ever, because of certain errors in observation, 
small corrections must be applied to the Hs in 
order to obtain the actual altitude of the body 
above the celestial horizon. The sextant altitude 
(Hs), with these corrections applied, is called 
the observed altitude (Ho). 


Ho is the angle, or the are of the vertical 
circle subtended by this angle, between the 
celestial horizon and the line of sight to the 
body. On the other hand, Ho is the angle which 
this are subtends at the center of the earth, or 
the angle at the observer’s position from the 
plane of the celestial horizon to the line of sight 









The two Planes are Parallel 
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CELESTIAL HORIZON 


Altitude is measured from the horizon 
along the vertical circle 


to the body. In order to measure this angle, the 
sextant must use some line or plane of reference 
whose relationship to the celestial horizon is 
known. 


When the bubble sextant is level, it measures 
angles above the artificial or bubble horizon. 
Since the bubble horizon and the celestial 
horizon are considered to be identical, the arc 
from the bubble horizon to a body is equal to 
the arc from the celestial horizon to the body. 
Therefore, the bubble sextant measures altitude 
above the celestial horizon. 


It may be hard to understand that the 
altitude of a body is the same whether it is 
measured at the surface of the earth from the 
artificial horizon or at the center of the earth 
from the celestial horizon. However, since these 


@ 
ARTIFICIAL v 
HORIZON 


CELESTIAL 
HORIZON 


horizons are parallel, if the light rays from the 
body are parallel, the altitudes will be the same. 
The diagram shows that the angle of divergence 
between light rays arriving at different points 
on the earth is very small. 


This angle between light rays is called 
parallax. In the illustration, parallax is shown 
at its maximum value; that is, when the observer 
and the subpoint are separated by 90°. In this 
situation, tan p is equal to OC (radius of the 
earth) over the distance Cy. The radius of the 
earth is a very small distance compared to the 
distance to any of the stars. Thus, the angle p 
is very small. For the sun, one of the closest 
celestial bodies used in navigation, tan p equals 
3940 divided by 93,000,000 or 0.000042. The 
angle p then approximately equals 9” of are or 
0.15 nautical mile. This angle is so small that it 
is negligible. Therefore, for practical work, the 
observed altitudes from either the artificial or 
celestial horizon are the same. 


OBSERVED ALTITUDE. There is a definite re- 
lationship between the Ho of a body and the 
distance of the observer from the subpoint. 
When the body is directly overhead, the Ho is 
90°, and the subpoint and the observer’s position 
are identical. When the Ho is 0°, the body is on 
the horizon and the subpoint is 90° (5400 nm) 
from the observer’s position. This relationship 1s 
shown in the captioned diagram, where C is the 
center of the earth, AB 1s the observer’s horizon, 
and S is the subpoint of the body. Since the 
sum of the angles in a triangle must equal 180°, 
the angle OX% is equal to 180°—(Ho+p). The 
sum of the angles on a straight line 1s equal to 
180°, so angle OXC is equal to Ho+p. The 
horizon AB being tangent to the earth at O is 







Parallax 


perpendicular to OC, a radius of the earth. Thus 
angle OCX is equal to 90°—(Ho+>p). In the 
preceding discussion it was shown that angle p 
is negligible, so this angle becomes 90°— Ho. 
The arc on the surface subtended by the angle 
OCX at the center of the earth is arc OS. This 
arc then is equal to 90° — Ho. 


Thus the distance from the observer’s position 
to the subpoint of the body, are OS, equals 
90°— Ho. Since angular distance on the surface 
of the earth in minutes of are equals linear 
distance in nautical miles, this relationship can 
be used to determine LOP’s. 


CELESTIAL LOP. When the Ho of a body is 
known, it is easy to determine the distance from 
the subpoint of the body. It should now be 
apparent how an LOP can be obtained from a 
sextant observation. First, plot on the chart 
the geographical position of the body for the 
time of observation. Then, describe a circle 
about the subpoint with a radius equal to 
90°— Ho. Since this circle passes through all 
points on the chart at the observer’s known 
distance from the subpoint, his position must 
be on the circle. Therefore, the circle is his 
celestial LOP. A circle whose center is the sub- 
point of a body may be called a czrcle of equal 
altitude for that body. A celestial LOP is a 
circle of equal altitude. Previously the distance 
from subpoint of the body was discussed, now 
the direction of the body will be considered. 


True Azimuth 


In celestial navigation, the direction of a 
body from an observer is called true azimuth 
(Zn). The true azimuth of a celestial body cor- 
responds exactly to the true bearing of an object 
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True azimuth is measured from true north 


located at the subpoint. The true azimuth of a 
celestial body is the angle measured at the 
observer’s position from true north clockwise 
through 360° to the great circle arc joining his 
position with the subpoint, as illustrated. 


If the true azimuth of a body could be 
measured when its altitude is observed, a fix 
could be established. Unfortunately, however, 
there is no instrument in the aircraft which will 
measure true azimuth to the required accuracy. 
If a body is observed at an Ho of 40° and the 
Zn is measured incorrectly by 1°, the fix will be 
in error about 50 nautical miles. With the 
instruments now in use, an accurate fix cannot 
be established by measuring the altitude and 
azimuth of a single body, except in the case of 
a very high body (85° to 90°). 


Finding observed altitude 
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CELESTIAL FIX 


Since a fix cannot be obtained from a single 
body, LOP’s from two or more bodies must ke 
crossed. The fix position is the intersection of 
the LOP’s. A celestial LOP is a circle; however, 
as shown in the illustration, when two celestial 
LOP’s are plotted, they intersect at two points, 
only one of which can be the observer’s position. 
In practice, these two intersections usually are 





Only one intersection can be observer’s position 


= 


so far apart that dead reckoning removes all 
doubt as to which is the correct position. 


Up to now, how to determine the observer’s 
distance from the subpoint of a body by means 
of a sextant observation has been discussed. 
However, an LOP cannot be plotted until the 
position of the subpoint is established for the 
time of the observation. First, the navigator 
must understand how to position a body’s 
subpoint. 


The preceding discussion is merely a rough 
explanation of the manner in which a celestial 
fix is determined. In establishing the fix, the 
navigator should determine the distance from 
the subpoint of the body. To do this it is neces- 
sary to determine the celestial coordinates of 
the body being used. 


The declination of the body is always listed 
in the Air Almanac, but a few simple calculations 
must be made to determine the hour angle 
relationship. 


Until the navigator is thoroughly familiar 
with the definitions and formulas, the time 
diagram previously explained will aid con- 
siderably in determining these relationships. 
The hour-circle and hour-angle system is used 
because the positions of the celestial bodies are 
a function of time. The material in the following 
section explains these motions and will help to 
clarify the celestial solution. 


Time 


In celestial navigation, the position of the 
aircraft is determined by observing the celestial 
bodies. The apparent position of these bodies in 
respect to a point on the earth changes with 
time. Therefore, the determination of the 
position of the aircraft relies on exact timing of 
the observation. Thus, the navigator must have 
an understanding of the relationships of time, 
longitude, and hour angle. 


Time is measured in terms of the rotation of 
the earth and the resulting apparent motions of 
the celestial bodies. Several different systems of 
measurement, each of which has a special use, 
are considered in this chapter. 
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Before getting into the actual discussion of 
the various kinds of time, there is one basic 
term that must be understood. That term is 
transit. The time at which a body passes the 
observer’s meridian is called the time of transit. 
The observer’s meridian is divided by the poles 
into halves. Notice in the illustration that the 
upper branch is that half which contains the 
observer’s position. The lower branch is the 
opposite half. Every day, because of the earth’s 
rotation, every celestial body transits the 
upper and lower branches of the observer’s 
meridian. As mentioned before, there are several 
kinds of time. The first presented here is solar 
time. 


LOWER 
TRANSIT 





Transit is Caused by Earth’s Rotation 
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SOLAR TIME 


It seems only natural to measure time by the 
sun, which is exactly what is done in the case of 
solar time. However, there is one time that is 
measured with reference to the sun the observer 
actually sees, and another time that is measured 
with reference to a fictitious sun. A fictitious 
sun is needed because the declination of the 
apparent sun changes. Since both suns are im- 
portant in celestial navigation, it is necessary 
that the difference between them be understood. 


Apparent Time 


The sun seen in the sky Is called the true sun, 
or apparent sun, to distinguish it from the 
fictitious body which will be discussed later. 
Time measured by the apparent sun is apparent 
tume. 


Apparent noon is the time of transit of the 
upper branch of the observer’s meridian by the 
true sun, and apparent midnight is the time of 
transit of the lower branch of the meridian. 


LOCAL APPARENT TIME (LAT). Local appar- 
ent time at the observer’s meridian is measured 
with reference to the true (apparent) sun. It is 
the angle measured at the pole and converted to 
time, from the lower branch of the observer’s 
meridian westward through 360°, to the upper 
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branch of the hour circle passing through the 
true (apparent) sun. 


GREENWICH APPARENT TIME (GAT). Local 
apparent time at the Greenwich meridian is 
measured with reference to the true sun. It is 
the angle measured at the pole from the lower 
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branch of the Greenwich meridian westward 
through 360°, to the upper branch of the hour 
circle passing through the true sun. This angle 
is then converted to time. 


In the accompanying illustration, notice that 
local apparent time is measured westward from 
the lower branch of the observer’s meridian, and 
Greenwich apparent time is measured west- 
ward from the lower branch of the Greenwich 
meridian. 


The Solar Day 


The apparent solar day is the interval of time 
between two successive lower transits of the 
same meridian by the true sun. 


The day measured by the true sun varies in 
length at different times during the year. This 
variation in the length of the apparent solar day 
is due primarily to two causes: the inclination 
of the plane of the ecliptic to the plane of the 
equator, and the variation of the earth’s speed 
of revolution in its orbit. 
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Earth’s Rate of Motion is not Uniform 


The apparent path of the true sun is along the 
ecliptic, not along the equator. Since the plane 
of the ecliptic is inclined to the plane of the 
equator, the true sun does not pass equally 
spaced hour circles at equal intervals on the 
equator, even if it moves at a constant rate on 
the ecliptic. As shown in the captioned illustra- 
tion, the sun’s linear motion is not uniform. 
Therefore, the angular motion of the true sun 
in the plane of the equator is not constant. 
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Earth Must Turn More Than 360° 


The illustration, Earth’s Rate of Motion is 
Not Uniform, shows that earth’s speed in its 
orbit varies at different times of the year. The 
speed is greatest at the perihelion, when the 
earth is closest to the sun, and least at the 
aphelion, when the earth is farthest from the 
sun. Therefore, the apparent daily progress of 
the true sun along the ecliptic also varies. 


An apparent solar day is the interval of time 
between two successive transits of the true sun 
over the same meridian. If in the course of the 
day the earth did not move in its orbit, and if 
the true sun did not appear to move along the 
ecliptic, then the next transit would occur when 
the earth had rotated through 360°. Since the 
earth rotates at an approximately uniform rate, 
days would then be of equal length. 


However, during the eastward rotation of the 
earth, the true sun appears to move eastward. 
Therefore, between successive transits the earth 
must turn through a little more than 360°, as 
shown in the related illustration. As has been 
shown, the true sun moves eastward by varying 
daily amounts at different times of the year. 
The angular distance which the earth must turn 
between transits differs accordingly. Conse- 
quently, the length of the apparant solar day 
varies at different times of the year. 
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Mean Time 


Since the length of the apparent solar day 
varies throughout the year, so also do its sub- 
divisions — the hours, minutes, and seconds. 
Therefore, since it varies in value, it would be 
difficult, as well as inconvenient, to use the 
apparent solar day for measurement of time. 


To remedy this situation the mean day is 
utilized. A mean day is an artificial unit of 
constant length, based on the average of all 
apparent solar days over a period of years. Time 
for a mean day is measured with reference to a 
fictitious body, the mean sun, which travels 
along the equator at a constant rate. 


The true sun travels at an irregular rate; the 
mean sun travels at a constant rate. At any one 
instant the angular difference, converted to 
time, between the positions of the two suns, 1s 
the equation of time. This equation of time 
ranges from +16 to —14 minutes and is utilized 
for conversion of mean time to apparent time. 
It is positive (+) if the apparent time is later 
than the mean time, and negative (—) if the 
reverse is true. 


Example 1. Find GAT when GMT is 14°35"52 
and the equation of time is (—) 6"14’. 
GMT 14"35™52° 
Eq. T (—) 6714 
GAT = 14°29™38° 


Solution: 


Example 2. The equation of time is (+) 
16"00°. Find local mean time of local apparent 
noon. 


Solution: LAT — 12°00™00° 
Eq. T (+) 16700° (sign reversed) 
LMT 11°44™00° 


Note that the equation of time is applied to 
mean time in accordance with its sign. If applied 
to apparent time, the sign is reversed. 


The equation of time is not tabulated in the 
Air Almanac and is seldom used by navigators. 
It can be found to an accuracy of a few seconds 
in the Air Almanac by adding (or subtracting) 
12° to GMT. This gives the GHA of the mean 
sun in time units. Comparison of this with the 
GHA of the apparent sun, also in time units, 
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gives the equation of time. The sign 1s (+) if 
GHA apparent sun is greater and (—) if GHA 
mean sun is greater. 


Example 3. Find the equation of time at GMT 
9°14748* on 19 June 1955. 


Solution: 
19 June 1955 
GMT 9147485 
(+) 12" 
GHA 21"14"48° (mean sun) 
GHA 21°13™48° (apparent sun) 
Difference (—) 1"00° (equation of time) 


LocaAL MEAN TIME (LMT). Local mean time 
is measured by reference to the mean sun. It is 
the angle at the pole, converted to time, from 
the lower branch of the observer’s meridian 
westward through 360°, to the upper branch of 
the hour circle passing through the mean sun. 


GREENWICH MEAN TIME (GMT). Local mean 
time at the Greenwich meridian is measured by 
reference to the mean sun. It is the angle at the 
pole, converted to time, from the lower branch 
of the Greenwich meridian westward through 


360°, to the upper branch of the hour circle 
passing through the mean sun. 


The related illustration shows that local mean 
time is measured westward from the lower 
branch of the observer’s meridian, and Green- 
wich mean time is measured westward from the 
lower branch of the Greenwich meridian. 


In dealing with the positions of the celestial 
bodies relative to the earth, it is necessary to 
refer to specific times. As a convenience, these 
times are usually given for one meridian, the 0° 
or Greenwich meridian. GMT is especially im- 
portant in celestial navigation since it is the 
time used for almost all celestial computations. 


Relationship of Time and Longitude 


It has been established that the mean sun 
travels at a constant rate. Consequently, the 
mean sun will make two successive transits of 
the same meridian in 24 hours. Therefore, the 
mean sun travels an arc of 360° in 24 hours. 
The following relationship exists between time 
and arc. 


Time Arc 

24 hours 360 degrees 
1 hour 15 degrees 
4 minutes 1 degree 
1 minute 15 minutes 
4 seconds 1 minute 


Local time is the time at one particular 
meridian. Since the sun cannot transit two 
meridians simultaneously, no two meridians 
have exactly the same local time. The difference 
in time between two meridians is the time of 
the sun’s passage from one meridian to the 
other. This time is proportional to the angular 
distance between the two meridians. Remember, 
that one hour is equivalent to 15°. 


For example, if two meridians are 30° apart, 
their time differs by two hours. The local time 
is later at the easternmost of the two, since the 
sun has crossed its lower branch first and thus 
the day is older there. These statements hold 
true whether referring to the true sun or the 
mean sun. The illustration demonstrates that 
the sun crossed the lower branch of the ob- 
server’s meridian at 60° east longitude four hours 
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before it crossed the lower branch of the Green- 
wich meridian (60 divided by 15) and six hours 
before it crossed the lower branch at 30° west 
longitude (90 divided by 15). Therefore, the 
local time at 60° east longitude is later by the 
respective amounts. 


Zone Time 


It would be awkward to use the local time for 
every meridian. Every city would have its own 
time, to the great confusion of travelers. One 
standard time, such as GMT, could be used all 
over the world, but then in most longitudes the 
time would not have its usual relation to the 
sun’s position in the sky. A compromise between 
the use of local time at every meridian and the 
use of one standard time over the world has 
been worked out in the system of standard time 
zones. 


STANDARD TIME ZONE. The world has been 
divided into 24 zones, each 15° of longitude in 
width, and each zone uses the LMT of its 
central meridian. Since the Greenwich meridian 
is the central meridian for one of the zones, and 
each zone is 15° or one hour wide, the time in 
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each zone differs from GMT by an integral 
number of hours. The zones are designated by 
numbers from 0 to +12 and —12, each indicating 
the number of hours which must be added to 
local zone tume (LZT) to obtain GMT. Thus, 
since the time is earlier in the zones west of 
Greenwich, the numbers of these zones are plus. 


The zone boundaries have been considerably 
modified to conform with geographical bound- 
aries for greater convenience. For example, in 
case a zone boundary passed through a city, it 
would be impractical to use the time of one 
zone in one part of the city and the time of the 
adjacent zone in the other part. In some coun- 
tries, which overlap two or three zones, one time 
is used throughout. A few countries still use the 
local time of some one meridian. 


DATE CHANGES AT MIDNIGHT. If the nav- 
igator were to travel west from Greenwich 
around the world, setting his watch back an 
hour for each time zone, he would have set his 
watch back a total of 24 hours when he got 
back to Greenwich and his date would be one 
day behind that of Greenwich. Conversely, 
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traveling eastward, he would advance his watch 
a total of 24 hours and would gain a day in 
comparison with Greenwich. 


In order to keep the records straight, it is 
necessary to add a day somewhere if going 
around the world to the west, and to lose a day 
if going around to the east. The 180° meridian 
was selected arbitrarily as the international date 
line — where a day is gained or lost. The date 
line follows the meridian except where it makes 
broad detours to avoid Eastern Siberia, the 
western Aleutian Islands, and several groups of 
islands in the South Pacific. 


The local civil date changes at 2400 or mid- 
night. Thus, the date changes as the mean sun 
transits the lower branch of the meridian. 


Consider the situation in another way. The 
hour circle of the mean sun is divided in half 
at the poles. On the half away from the sun 
(the lower branch), it is always midnight local 
mean time. As the lower branch moves west- 
ward in the illustration, it pushes the old date 
before it and drags the new date after it. As 
the lower branch approaches the 180° meridian, 
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Never Same Local Time all over the world 


the area of the old date decreases and the area 
of the new date increases. When the lower 
branch reaches the date line; that is, when the 
mean sun transits the Greenwich meridian, the 
old date is crowded out and the new date for 
that instant prevails in the world. Then, as the 
lower branch passes the date line, a newer date 
begins east of the lower branch, and the process 
starts all over again. (Because of the irregularities 
of the date line, the lower branch of the hour 
circle of the mean sun cannot coincide with the 
date line at any time. Therefore, strictly speak- 
ing, it is never the same date all over the world). 

The zone date changes at midnight zone time, 
or when the lower branch of the mean sun 
transits the central meridian of the zone. Thus 
far, time has been considered with relation to 
the sun. Time is also measured with reference 
to another point. 


SIDEREAL TIME 


Solar time is measured with reference to the 
true sun or the mean sun. Time may also be 
measured by the earth’s rotation relative to some 


fixed point in space. Time so measured is 
stdereal or star time. The reference point used 
is the first point of Aries, which is considered 
as stationary in space, although it does have 
slight movement. 


A sidereal day is the period between two suc- 
cessive upper transits of the first point of Aries 
over the same meridian. In a solar day, the earth 
turns through more than 360°. However, the 
sidereal day is essentially the period of the earth’s 
rotation. Thus, the sidereal day is almost four 
minutes shorter than the mean solar day. The 
sidereal day is also divided into hours, minutes, 
and seconds. Although the sidereal hour differs 
in duration from the mean solar hour and the 
apparent solar hour, each of the three is equiv- 
alent to 15° of are; for each is measured by a 
15° change in hour angle of the reference point. 
The relationship of the solar day to the sidereal 
day, as illustrated, is exaggerated for presentation 
purposes. 


The sidereal day begins when the first point 
of Aries transits the upper branch of the ob- 
server’s meridian. Local sidereal time (LST) is 
the number of hours that the first point of Aries 
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has moved westward from the observer’s 
meridian. Expressed in degrees, it is equal to the 
LHA of Aries. This is shown in the illustration, 
Greenwich Sidereal Time. Local sidereal time at 
Greenwich is Greenwich sidereal time (GST), 
which is equivalent to the GHA of Aries. 

Greenwich sidereal time, or GHA of Aries, 
specifies the position of the stars with relation 
to the earth. Thus, a given star will be in the 
same position relative to the earth at the same 
sidereal time each day. 


Sidereal time expressed in hours is not used in 
the celestial methods explained in this manual, 
although it will be used in the form of GHA of 
Aries expressed in degrees. However, the concept 
of sidereal time should help in understanding the 
workings of the solar system. 


NUMBER OF DAYS IN A YEAR 


A year is the period of the earth’s revolution 
about the sun. The number of days in the year 
is determined by the number of rotations of the 
earth during one revolution. If the earth were to 
revolve once eastward around the sun without 
rotating, the sun would appear to revolve once 
eastward around the earth. If the earth were 
to rotate once eastward without revolving, the 
sun would appear to revolve once westward 
around the earth. If the earth were to rotate 
once eastward while revolving once eastward 
around the sun, the sun would appear to remain 
overhead at one meridian for the same meridian 
would always be turned toward the sun. There- 
fore, it is obvious that one eastward revolution 
around the sun nullifies the apparent effect of 
one eastward rotation. 
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Relationship of Solar Day to Sidereal Day 


Actually the earth rotates eastward about 
366.24 times in the course of its one yearly 
eastward revolution. The total effect of one 
revolution and 366.24 rotations is that the sun 
appears to revolve around the earth 365.24 
times per year. Therefore, there are 365.24 solar 
days per year. 


Since the sidereal day is measured with 
reference to a relatively fixed point, the length 
of the sidereal day is essentially the period of 
the earth’s rotation. Therefore, the number of 
sidereal days in the year is equal to the number 
of rotations per year, which is 366.24. 


Time, regardless of which type is considered, 
is measured with respect to either a body or 
fictitious point in space. Also, time has a definite 
relationship to longitude, namely, that 15° equal 
one hour. Since this relationship exists, celestial 
bodies can be positioned with reference to time. 
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See illustration showing the astronomical 
triangle. Notice that the known information is 
the two sides (Co-Dec, or polar distance, and 
Co-Lat) and the included angle (LHA). The 
astronomical triangle is the triangle that stands 
out. The co-declination, or polar distance, is 
the angular distance measured along the hour 
circle of the body from the pole to the body; 
the co-latitude is 90° minus the latitude of the 
assumed position. The included angle is the 
LHA of the star. With two sides and the in- 
cluded angle of the spherical triangle known, 
the third side and the interior angle at the 
observer’s assumed position are easily solved. 


The third side is the co-altitude, and the 
interior angle at the observer’s assumed position 
is the azimuth angle (Z). Instead of listing the 
co-altitude, the sight reduction tables list the 
remaining portion of the 90° from the observer’s 
position, which is the He. A cross sectional view 
of this angle is illustrated. 


ASSUMED 
POSITION 
90° 
OF EARTH 
HORIZON 
90° —Hc = Co-Altitude 
Co-Alltitude 


The co-altitude in degrees and minutes of 
arc can be found by subtracting the value of 


He from 90°. This value converted to minutes 


of arc would also be the distance in nautical 
miles from the subpoint to the assumed position. 
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Some sight reduction tables, such as Volume I, 
H.O. 249, besides listing the He, also list the 
Zn rather than the interior angle (Z). Other 
tables, such as Volume II or III of H.O. 249, 
list the interior angle (Z) with the He. It is 
necessary to follow rules printed on each page 
to convert the interior angle (Z) to true azimuth 
(Zn). 


H.O. 249, VOLUME | 


Volume I of H.O. 249 deals solely with the 
solution concerning selected stars and is con- 
sidered separately from Volumes II and ITI. 


Volume I of H.O. 249 provides complete 
world coverage from pole to pole for each degree 
of latitude. The LHA of Aries is listed in 1° 
increments from latitudes of 0° to 69° North 
and South inclusive. From 70° through 89° of 
latitude, the meridians are so close together 
that it is only necessary to tabulate the values 
of the LHA of Aries in even 2° increments. 
There are two pages devoted to each whole 
degree of latitude between latitudes 69° N and 
69° S inclusive. From there to the pole, only 
one page is devoted to each whole degree of 
latitude. 


Entering Arguments 


The entering arguments are the assumed 
latitude and the LHA of Aries (to whole de- 
grees). At any one time the navigator has the 
choice of the six listed stars and Polaris. The 
names of the stars are in capital letters if the 
star is of first magnitude or brighter; the second 
magnitude stars are printed in small letters. 
The names of the stars are relisted every 15° 
of the LHA of Aries (every 30° in the polar 
latitudes). 


For the time the navigator expects to make 
his observation, commonly called a shot, he 
looks up the GHA of Aries and applies his 
approximate longitude to get the approximate 
LHA of Aries. He then enters Volume I, H.O. 
249, with the latitude closest to his DR latitude 
and the approximate LHA of Aries to select the 
stars he will shoot. 
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REGULUS ALOFOARAN 


30 30 5501 135 4016 6456 237 
31 20 095 6413 238 
3211 ¢ 6329 240 
3302 62:45 241 
3352 5718 140] 4055 6200 242 


34A3 5750 14214102 6115 244 
35 33 5821 144] 4108 69029 245 
36 24 5851 145] 4113 59 43 
3714 5919 147] 41 16 58 56 
38 04 5946 149] 4119 58 09 


3854 6012 150} 41 20 57 22 
39 44 6036 152] 4121 56 34 
40 34 6059 154] 41 20 55 46 
41 24 6121 156] 4118 5458 
4213 103/6140 158] 4115 5410 
REGULUS PROCYON SIRIUS ALDEBARAN]T CAPELLA 


4303 6159 160] 4111 185] 5321 65 12 
4352 6215 162] 4105 187] 52 32 64 34 
444) 6230 164/4059 188] 51 43 6356 
45 30 6243 166] 4052 189]5054 6317 
4619 6254 168] 4043 50 04 62 38 


4707 6303 171] 4033 4915 6159 
4755 6310 173] 4022 48 25 6119 


48 44 6316 175}; 4011 47 35 60 39 
4931 6319 17713958 4645 5959 3 
5019 6320 179] 3944 4555 5919 


6320 182] 3929 4505 58 38 
6317 184] 3913 199) 4414 5757 
6313 186] 3856 4324 5717 
nee 188 42 33 56 36 


TEE 5513 
4002 54 32 
3911 5951 
3654 38 20 5309 
36 30 37 29 52 28 


3606 3639 5146 
3541 35 48 5105 
35.15 3457 50 23 
3448 3406 4941 
3420 3315 4900 


3352 32 24 4818 

3323 31 33 47 36 

3253 30 42 4655 

32 23 2952 4613 

31 52 2901 45 31 
ARCTURUS REGULUS SIRIUS BETELGEUSE] CAPELLA 


1942 079 6503 13973120 21914004 251] 4450 305 
6] 20 31 079 65 36 141, 3048 22013916 2521 4408 305 





Enter Tables with LHA ¢ and Latitude 


Since a single celestial observation results in 
only one LOP, it is necessary to shoot two or 
more bodies to obtain a fix. Suppose he wants to 
shoot at approximately 0230 GMT. He looks up 
the GHA of Aries (in the Air Almanac) and 
finds it to be 196°06’. The DR position for this 
time is 31°48’ N-75°26’ W. A quick calculation 
shows that the LHA of Aries is approximately 
121°, and the closest latitude is 32° N. Notice 
in the portion of the tables reproduced here that 
the available stars at this position are Dubhe, 
Regulus, Sirius, Betelgeuse, Aldebaran, and 
Capella. Using Sirius, a shot is taken at 0231 
and the Ho obtained is 37°50’. 


GHA Tf for 0230 


GMT 196°06’ 
Corrforl minute + 15’ 
GHA 7 for 0231 196°21’ 
GMT 
Closest long. to DR 
pos for whole 
degree LHA —75°21' W (assumed long.) 
LHA f for 0231 121° 
GMT 


The closest whole degree of latitude is 32° N; 
therefore it is used as the assumed latitude. The 
assumed longitude is selected as the closest 
point that results in an LHA of Aries that is a 
whole degree (no minutes). The He of Sirius is 
listed as 37°38’. The Zn is 205°. 


The second shot was taken at 0234 GMT on 
Regulus, the Ho being 55°80’. A new DR 
position could be obtained for 0234 GMT, but 
the 0230 DR position will suffice for this de- 
termination of He and Zn. 


GHA 7 for 0230 


GMT 196°06’ 
Corr for 4 minutes + 1°00’ 
GHA 1 for 0234 197°06’ 
Closest long. for 
whole degree | 
LHA — 75°06’ W (assumed long. ) 
LHA 17 for 0234 122° 
GMT 


The assumed latitude is still 32° N, and in 


‘this case 75°06’ is the assumed longitude, since 


this is the closest longitude to the DR longitude 
that results in the LHA of Aries being a whole 
degree. The He of Regulus is listed as 56°27’, 
and the Zn as 119°. 


The various corrections that must be applied 
as well as the plotting of the fix are discussed 
later. 


Summary of Procedure 


The steps in this procedure are as follows: 


1. Using the Air Almanac, determine the 
GHA of Aries for the time of observation. 


2. Assume a position as close as possible to 
the DR position at the time of the shot so that 


the latitude and LHA of Aries in whole degrees 
may be mentally determined. 


3. In H.O. 249 turn to the page of the assumed 
latitude and opposite the LHA of Aries select 
the stars to be shot. In making the selection, 
assume that the LHA of Aries will change 1° 
every 4 minutes of time. 


4. Shoot the body and record the time, Ho, 
and the name of the body. 


5. For the time of observation, obtain the 
GHA of Aries, and apply the assumed longitude 
to determine the LHA of Aries. 


6. Turn to the pages for the assumed latitude 
and opposite the LHA of Aries in the column 
headed by the name of the star, find and record 
the He and Zn. 


H.O. 249, VOLUMES II AND Iii 


Volume I of H.O. 249 consists of tables of He 
and Zn for selected stars. Since the declination 
and SHA of each star change slowly, these 
tables can be used for many years with only 
small corrections. The declination and SHA of 
a nonstellar body change rapidly, making a 
permanent format similar to Volume I impossible 
for the sun, moon, and planets. 


Volumes II and III of H.O. 249 are declination 
tables adequate for determining the He and Zn 
of any celestial body within the declination 
range of 30° north to 30° south. They are in- 
tended primarily for use when observing non- 
stellar (solar system) bodies. Volume II provides 
for latitudes from the equator to 39° north or 
south, and Volume III provides for latitudes 
from 40° north or south to the poles. Provision 
is made for observed altitudes from 90° to 3° 
below the horizon (7° from latitudes 70° to the 
pole). In view of refraction and of possible long 
intercepts, the tables are actually extended 2° 
below these limits. 


Entering Arguments 


Volumes II and III are entered with the LHA 
of the body, in contrast to Volume I, which is 
entered with the LHA of Aries. The range 
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extends from 0° through all LHA’s applicable 
within the altitude limits of the body. Between 
latitude 70° and the pole, the LHA interval is 
2°; for latitudes below 70°, the interval is 1°. 
Arguments of LHA of the body less than 180° 
appear on the left margin, and arguments greater 
than 180° appear on the right. 


Several pages are devoted to each degree of 
latitude. Each page has 15 declination columns 
and is labeled with its value at the top and 
bottom. Each page is also marked Declination 
Contrary Name To Latitude, or Declination Same 
Name As Latitude. If the body being used has a 
southern declination and the assumed position 
is in north latitudes, use the page headed 
Declination Contrary Name To Latitude. Con- 
versely, if the declination of the body and the 
latitude of the assumed position are of the same 
name, the page headed, Declination Same Name 
As Latitude is used. 


The entering arguments of LHA of the body, 
for declination of contrary name to latitude, 
always increase from the bottom of the page 
on the left side, and decrease on the right. The 
opposite arrangement exists on pages where 
declination and latitude have the same name. 
Occasionally, one page will be blank in the 
middle and the top half will cover Declination 
Same Name As Latitude; while the bottom half 
will be Declination Contrary Name to Latitude. 


Azimuth angle (Z) is listed instead of true 
azimuth (Zn), as in Volume I. Since true 
azimuth is used for plotting, it is necessary to 
convert azimuth angle to true azimuth. The 
rules for conversion are listed on the left-hand 
side at the top and bottom of every page as 
shown. 


Besides the listing of He and Z in Volumes II 
and III of H.O. 249, there is also recorded a 
value of ‘‘d.’’ This d-value is the change in 
altitude (He) with a 1° increase in declination. 
If the LHA and declination of the body and the 
latitude of the assumed position are each a whole 
number of degrees, the He and Z are found in 
the correct declination column opposite the 
LHA of the body on the page marked by the 
proper latitude value. 
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The Table Performs the Multiplication 


For example, refer to the portion of the table 
shown. At a latitude of 40° N, if the LHA of a 
body is 86° and its declination is N 5°, the He 
is 06°16’ and the azimuth angle (Z) is 089°. 
The rule in the upper left-hand corner of the 
page applies for the conversion of Z to Zn. 
Zn =(360°—Z) or (860°—089°) =271°. Here 
again the position is assumed so that latitude 
and LHA are whole numbers. 


Interpolation for Declination 


When the declination of a body is a number 
of minutes in addition to a whole number of 
degrees, the altitude (Hc) is extracted for the 
whole number of degrees and corrected by 
interpolation for the additional minutes. There 
is rarely a need for interpolation of azimuth 
angle (Z), which is given only to the nearest 
degree. 


Interpolation for He should always be made 
in the direction of increasing declination, in 
accordance with the sign of the d-value. Not all 
of the signs are printed; the sign is given at 
least once in each block of five entries, and can 
always be found by looking either up or down 
the column from the value of “‘d’’ in question. 
The correction to altitude for additional minutes 


of declination is proportional to “d’’ and pro- 
portional to the number of additional minutes. 


In the previous example the latitude was 40° 
N, the LHA of the body was 86°, and the 
declination was N 5°. Suppose the declination 
had been N 5°17’. The basic figures obtained 
would be 06°16’ He and 089° Z as before, and 
the true azimuth would still be 271°. The He 
of 06°16’ is not correct for a declination of 
N 5°17’, but is correct for N 5°. The He change 
for an additional one degree of declination 1s 
+39 minutes of declination. However, the cor- 
rection needed in this case is for 17 minutes, 
not a whole degree. Consequently, the addi- 
tional correction is 17/60 of +39’. To the 
closest whole number, this would be a +11 
minutes. 


This multiplication can be done on the slide 
rule face of the DR computer, or by means of 
a table found in the back of Volumes II and III. 
A portion of this table is shown. Notice that 
there are no signs listed. The proper sign for 
the answer from this table is the same sign as 
the basic d-factor. Values of “‘d’’ are given across 
the top of the table, and additional minutes of 
declination are given down the side of the table. 
This is Table III in H.O. 249, Volumes II and 
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Declination (0° —14°) Contrary Name to Latitude 


III. In the table the correction, 11’, is found by 2. From the almanac ascertain the declination 
looking across 17’ for declination and down 39’ and GHA of the body for the time of the 
for ‘‘d’’, to their intersection at 11’. Since the observation. 

sign of the d-factor is plus, this correction is 3. Assume a position as close as possible to 
added to the tabulated He. The proper He the DR position so that the latitude is a whole 
value then becomes 06°16’ +11’ or 06°27’. number of degrees, and the longitude combined 


Following is a sample problem showing the with the GHA of the body gives a whole number 
solution. Refer to the portion of the tables of degrees of LHA of the body. Find the LHA 


illustrated for the solution. Suppose the sun is of the body for this position. 
observed on 1 March 1958, at 1005 GMT. The 4. According to the assumed latitude, select 
DR position is 38°12’ N-101°47" E, and the the correct volume (II or III) and page which 
Ho of the sun is 10°52". contains the correct arguments of declination 
1005 Declination S737 and LHA of the body, temporarily disregarding 
1000 GHA 326°53’ the odd additional minutes of declination. Thus, 
Corr for 5 min. eee bn Cs if the declination were N 19°55’ use the column 
1005 GHA 393°()2’ for N 19°. Select the table labeled Declination 
Assumed longitude 4+101°52’ E Same Name as Latitude, if declination and 
430°00’ latitude are both north or both south; or the 
_ 360° table labeled Declination Contrary Name to 
1005 LHA “70° Latitude, if one is north and the other south. 
Opposite the LHA of the body read the tabulated 


Tab. He extracted from tables 11°06" altitude and azimuth angle in the column 


a ee tables ee headed by the whole degrees of the declination. 
jf ex ee ae cl a 5. If the declination is not a whole number 

correc orien nee ii oe of degrees, determine the altitude correction for 
es c an ) 10° Ay the additional minutes of declination. Enter 
7 (Usethe Riles the top 959° Table III with the value ‘‘d’’ and the number 


of additional minutes of declination. Apply the 
correction to the tabulated altitude according 
to the sign of ‘‘d’’. This is the He. 
6. Convert azimuth angle (Z) to true azimuth 
Before proceeding, review the procedure for (Zn) by means of the rule at the top or bottom 
finding the altitude (Hc) and true azimuth (Zn) of the page. 
of a body. whose declination lies between N 30° This completes the solution for the declination 
and S 30°, using Volume II or III of H.O. 249. tables. However, there is another point that 


1. Shoot the body and record the time of must be discussed in regard to the solution in 
observation, the body’s name, and the Ho. Volume I of H.O. 249 for the stars. 


left corner of the page) 





Summary of Procedure 
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PRECESSION AND NUTATION 


In addition to corrections generally applied to 
celestial LOP’s, there is another one required 
for LOP’s determined with H.O. 249, Volume I. 
This correction is for precession and nutation, and 
it 1s necessitated by variations in the apparent 
positions of the stars. 


Precession 


Due to the equatorial bulge, the attractive 
forces of other solar system bodies, principally 
the moon, are unbalanced about the center of 
the earth. The imbalance is directed toward 
aligning the equator with the plane of the 
ecliptic. However, the rotation of the earth 
transforms this force into an effect acting 90° 
away in the direction of rotation — a precessional 
effect. As the accompanying illustration shows, 
the result is that the poles describe a conical 
path westward about the ecliptic poles (the 
point 90° from the ecliptic). Consequently, the 
points of intersection of the equator with the 
ecliptic, or the equinoxes, travel in a westerly 
direction along the ecliptic. This travel is called 
precession of the equinoxes, and it amounts to 
about 50.26” annually. The equinoxes complete 
one revolution along the ecliptic in approx- 
imately 25.800 years. 
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The equator is used as a reference for declina- 
tion, and the intersection of the equator and 
ecliptic (T) 1s used as a reference for SHA of 
the stars. The movement of these references 
due to precession of the equinoxes, causes slight 
changes in the celestial coordinates of the stars, 
which otherwise appear fixed in space. The 
changes usually, but not always, involve a 
change in declination and a decrease in SHA. 
A point located at either pole of the ecliptic, 
however, always has the same celestial co- 
ordinates. 


Nutation 


As the relative positions and distances from 
the earth of the sun, moon, and planets vary, so 
does the rate of precession. The only variation 
of importance in navigation is nutation. Nuta- 
tion, from the Latin ‘‘te ned,” is a “nodding”’ 
of the poles, one oscillation occurring in about 
18.6 years. This is shown in the diagram. 
Nutation, being approximately perpendicular to 
the ecliptic, has a negligible effect on SHA, but 
it does appreciably influence declination. It is 
caused by complex gravitational forces among 
the sun, moon, and earth, because of the fact 
that the moon’s orbit does not always lie in the 
plane of the ecliptic. 
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Position Corrections 


Due to precession and nutation, He and Zn 
for a star are accurate only at the instant, or 
epoch, at which the SHA and declination for the 
computations are correct. A position obtained 
at any other time with that He and Zn requires 
a correction. H.O. 249, Volume 1, contains He’s 
and Zn’s calculated for epoch 1960.0 (midnight, 
1 Jan. 1960), so if the volume is used in any 
other year, the resultant position must be cor- 
rected. The precession and nutation corrections 
for the years 1958-65 are combined and given 
in Table IV, on pages 320-21 of H.O. 249, 
Volume 1. No correction is necessary in 1960, 
and none is given for 1959 because in that year 
the effects of precession and of nutation approx- 
imately cancel each other. 


Entering arguments for the table are year, 
latitude and LHA of Aries, and the correction 
is presented in the form of a distance and direc- 
tion to move the fix. The tabulated values show 
the distance, parallel to the ecliptic, between 
the observer’s position in the year of the fix and 
the position in 1960 at the latitude and LHA 
of Aries. 


Directions for using Table IV are printed in 
H.O. 249, Volume 1, at the bottom of page 321. 
Only one point needs emphasis here: the table 
is to be used only for observations plotted with 
the aid of H.O. 249, Volume 1 — never in 
conjunction with Volume II or III. 


TRIPLE INTERPOLATION 


Ordinarily, when the navigator uses celestial 
tables, he assumes a position such that the 
latitude and LHA are whole degrees. With such 
a procedure, interpolation for LHA and latitude 
is unnecessary. Sometimes, however, the altitude 
(He) and true azimuth (Zn) of a body may be 
needed for some definite position. Then he must 
interpolate for latitude and LHA as well as for 
declination. This process is called triple «nter- 
polation. 

In interpolation, first the tabulated altitude 
(Hc) and true azimuth (Zn) for the lower whole 
number of degrees of latitude and LHA and 
declination in the case of Volumes II and III of 
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H.O. 249 are found. This tabulated altitude (Hc) 
is corrected not only for declination, but also 
for additional minutes of LHA and latitude. 
These corrections, added algebraically to the 
tabulated altitude (Hc), give the correct He for 
the given position. The true azimuth originally 
obtained is used, without correction, as the 
correct true azimuth (Zn) of the body for the 
exact position. 


H.O. 249, Volumes Il and Ill 


Triple interpolation, using the declination 
tables of H.O. 249, involves the regular cor- 
rection for declination solved in the same 
manner as a regular solution. In addition, there 
are corrections that must be made for odd 
minutes of latitude and LHA of the body. 


LATITUDE CORRECTION. The correction for 
latitude is made in this manner: 


1. Using the same basic declination and LHA 
(whole degrees), obtain the He for the next 
higher whole degree of latitude. Compare the 
new He with the old one. This is the correction 
for 60 minutes of latitude. For example, if a 
correction for 13 minutes of latitude is required, 
find 13/60 of the difference of the two He’s. 


2. Using Table III, obtain the correction to 
the original He for odd minutes of latitude. 
This table is designed to solve this multiplication 
for declination, but it will also work for latitude 
and LHA. The correction has a plus sign if the 
He for the next higher latitude is greater, and a 
minus sign if it is smaller. 


LHA CORRECTION. The correction of LHA is 
accomplished in the same manner as the latitude 
correction, except that the next higher LHA is 
read. The procedure is as follows: 


1. Using the same basic declination and 
latitude (whole degrees), obtain the He for the 
next higher whole degree of LHA. Compare the 
new Hc with the old one. This is the correction 
for 60 minutes of LHA. For example, if a cor- 
rection of 42 minutes of LHA is required, find 
42/60 of the difference of the two He’s just 
obtained. 


2. Again, Table III solves the multiplication 
for fractional parts of 60, hence will work for 
LHA, latitude, and declination. 
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3. Using Table III, obtain the correction to 
the original He for the odd minutes of LHA of 
the body. The correction has a plus sign if the 
He for the next higher LHA is greater, and a 
minus sign if it is smaller. 


SAMPLE PROBLEM. The corrections for decli- 
nation, latitude, and LHA are added to the 
original He algebraically. This new He is the 
correct He for the exact position, rather than 
for some assumed position. A sample problem 
follows: 


The position is 41°44’ N, 121°32’ W, and the 
sun 1s the body. The date is April 1953, and 
the time is 2110 GMT. 


Declination N 9°33’ 
2110 GHA Sun 137°27' 
Longitude —121°382’ W 
2110 LHA Sun 15°55’ 


The basic LHA is 15°, declination is same 9°, 
and latitude is 41°. Taken from the accompany- 
ing tables, the original He is 55°21’, ‘“‘d”’ is 
+56°, and Z is 158°. 


1. Correction for declination compares a ‘‘d”’ 
of +56 and 388 odd minutes of declination. 
Table III gives the correction as +31’. 


2. The correction for latitude compares the 
original He of 55°21’ and the He for 42° N, 
declination same 9°, and LHA 15°. This He is 
04°27’. The difference of the two He’s is a 
—54’ of He for 60’ of latitude. Comparing 44’ 
of latitude with —54’ in Table III gives a —40’ 
correction to He for latitude. 


38. The correction for LHA compares the 
original He of 55°21’ and the He for 41° N, 
declination same 9°, and LHA 16°. This He is 
00°00’. The difference of the two He’s is a 
minus 21’ of He for 60’ of LHA of the body. 
Comparing 55’ of LHA with —21’ in Table III 
gives a —19’ correction to He for LHA of the 
body. 
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4. Original He 55°21’ 

Corr for Dec + 81’ (Step 1) 
55°52’ 

Corr for Lat — 40’ (Step 2) 
55°12’ 

Corr for LHA body -— _ 19’ (Step 3) 
Final correct He for 54°53’ 


given position, 
date, and time. 


Z =158°; Zn =360°—Z (position in N lat and 
LHA less than 180°). Hence, Zn =860° —153° 
or 207°. 


H.O. 249, Volume | 


When triple interpolating for the He and Zn 
of a specific point, using the star tables, the 
corrections for latitude and LHA are handled 
just as in the procedure for the declination 
tables. 


CORRECTIONS. Therefore, the steps in their 
respective order are: 


1. Obtain the precession/nutation correction 
from Table IV in the back of the book and 
apply this correction in reverse to the original 
position. This gives the new position which 
is then interpolated for LHA and latitude. The 
resultant He and Zn will be correct, however, 
for the original given position. 


2. The correction for latitude compares the 
original He with the He for 1° of latitude higher 
(same LHA) to give the He correction for 60’ 
of latitude. Use this difference of He values and 
the odd number of minutes of latitude to obtain 
the latitude correction. If Table III of Volume 
II or III is available, use this for the correction. 
If not, multiply the fraction odd minutes of 
latitude /60 by the difference of He values to 
get the correction for the odd minutes of latitude. 


3. The correction for LHA of Aries compares 
the original He with the He for 1° of LHA of 
Aries higher (same original latitude) to give the 
He correction for 60’ of LHA of Aries. Use this 
difference of He values and the odd number of 
minutes of LHA of Aries to obtain the correction 
for LHA of Aries. Again, if Volume II or III of 
H.O. 249 is available, use the table for odd 
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minutes of declination to get the correction. 
If not, multiply the fraction odd minutes of 
LHA Aries/60 by the difference of He values to 
get the correction for the odd minutes of LHA 
of Aries. 


4. This time only the corrections for latitude 
and the LHA of Aries are algebraically added 
to the original He. The new Hc is the correct 
He for the original position rather than for 
some assumed position. 


SAMPLE PROBLEM. Here is a sample problem: 

The position is 20°16’ N, 117°36’ W, and 
Arcturus is the body. The date is 1 January 
1951, and the time is 1810 GMT. 


1. 1310 GHA Aries 297°53’ 
Longitude —117°30’ W 
1310 LHA Aries 180°23’ 


Table IV correction for precession/nutation is 
3nm/300°. Make the adjustment as shown in 
the illustration. Now interpolate for 20°14’ N, 
117°33’ W. 


21°N 


NEW POSITION 
FOR INTERPOLATION 





GIVEN POSITION ; 
20° 16'N 3 NM/120° 20°14'N 
117°36'W 117°33'W 

20°N 
118°W 117° Ww 


Original Position is Adjusted 
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cates 


297°53" 
—117°33’ W 
180°20’ 


2. 1810 GHA Aries 
Longitude 


1310 LHA Aries 


The basic latitude is 20° N, and the basic LHA 
of Aries is 180°. Using 180° LHA of Aries and 
latitude 20° N, the basic He of Arcturus is 
58°36’, and Zn is 085°. Using 180° LHA of 
Aries and latitude 21° N, the He of Arcturus is 
58°40’. The difference of He’s is a +4 for 60’ of 
latitude. The fraction, 14/60, multiplied by +4 
gives 14/15, or a 1’ correction for latitude. 


3. Using 181° LHA of Aries and latitude 
20° N, the He of Arcturus is 59°32’. Basic He 
of Arcturus is 58°36’. The difference of He’s is a 
+56’ for 60’ of LHA of Aries. Multiplying the 
fraction, 20/60, by +56 gives 18-2/3, or a +19’ 
correction for LHA of Aries. 








4, Original He Arcturus 58°36’ 
Corr for Lat 1’ (Step 2) 
58°37’ 
Corr for LHA Aries 19’ (Step 3) 
Final correct He 58°56’ 


Arcturus (for 20°16’ 
N, 117°86’ W, not for 
20°14’ N, 117°83’ W) 


In the solutions in both the declination and 
star tables, the navigator is accomplishing the 
same thing. In the declination tables, he inter- 
polates for the odd minutes of declination, 
latitude, and LHA. In the star tables, he 
interpolates for the odd minutes of latitude and 
LHA, and compensates for the slight annual 
change in the declination of the stars by applying 
precession/nutation correction. In doing this, 
the He and Zn are computed for a specific set of 
coordinates instead of adjusting the position, as 
done in the ordinary solution. 





Plotting and Interpreting 
Celestial LOP’S 


PLOTTING LOP’S 


In the preceding chapters the steps necessary 
to obtain the He, Zn, and assumed position were 
discussed. Also a brief explanation on how to 
construct a line of position (LOP) was given. 
There are several techniques involved which will 
be discussed separately. One such technique is 
the subpoint method. 


The Subpoint Method 


The theory involved in this method has 
previously been discussed. Here is a summary of 
the steps involved: 


1. The navigator measures the altitude (Hs) 
of a celestial body with the sextant and notes 
the exact midtime of the observation. By apply- 
ing the appropriate corrections to Hs, the Ho 
is obtained. (These corrections for parallax, 
refraction, semidiameter, and wander are ex- 
plained in the chapter on Sextants and Errors of 
Observation. ) 


2. The Ho is subtracted from 90° to find the 
co-altitude of the body. The co-altitude is 
converted to nautical miles (1° equals 60 nm) to 
find the distance from the subpoint of the body 
observed. 


3. From the Air Almanac the declination and 
GHA of the body are extracted for the time of 
observation. These values are converted to the 
geographical coordinates of the subpoint. The 


declination is the latitude of the subpoint, and 
the GHA is the longitude of the subpoint west 
of Greenwich. (When the GHA is greater than 
180°, subtract it from 360° to get east longitude. ) 


4. The subpoint of the body is plotted on the 
chart. 


5. Using the subpoint as a center and using 
the distance from the subpoint as a radius, an 
are is scribed in the vicinity of the DR position 
to obtain the LOP. 


When the altitude of the body is near 90°, 
the LOP is drawn by swinging an are from the 
subpoint. Often, however, bodies will be ob- 
served at lower altittides. Then it is impracticable 
to draw LOP’s by this method, as shown in the 
following paragraph. 


If a body is observed at 20° above the horizon, 
the observer is 4,200 nautical miles from its 
subpoint. To swing an LOP from this subpoint, 
the subpoint and the are must be plotted on the 
same chart. To permit plotting of any LOP, 
the chart must cover an area extending more 
than 4,000 miles in every direction from the 
DR position. This means that the chart must 
be either of such large size that it cannot be 
spread out on a table in the aircraft, or of such 
small scale that plotting on it is inaccurate. 
To cover an area 8,000 miles across, a chart 4 
feet square must be drawn to a scale of about 
1:10,000,000. Furthermore, measuring would be 
difficult because of distortion. 
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LOP Computed by Intercept Method 


Since a celestial LOP cannot always be drawn 
by swinging an arc from the subpoint, the inter- 
cept method, which is based on the same 
principles as the subpoint method, is often used. 


The Intercept Method 


It is possible to compute, by trigonometry, the 
position of an LOP and then draw the LOP ona 
chart without plotting the subpoint. Although 
this is a direct method of obtaining an LOP, the 
computation is complicated and slow, and is not 
suitable for use in flight. The intercept method 
1s indirect and roundabout, but it can be worked 
rapidly by means of tables and, therefore, is 
suitable for use in flight. 


There are several variations and refinements 
of this method, but the basic concepts are the 
same. In the determination of an LOP, an 
assumed position is selected. With the celestial 
tables, determine the altitude (Hc) and true 
azimuth (Zn) that would be observed if the 
observer were at this assumed position (see 
Chapter 4, Computing Altitude and True 
Azimuth). In other words, the He obtained is 
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the Ho that the observer would read if he were 
on the circle of equal altitude that goes through 
the assumed position. The true azimuth (Zn) 
obtained will closely approximate the direction 
of the subpoint from the assumed position. 


A comparison of the Ho and the He gives a 
difference in minutes or nautical miles called the 
intercept. Since the Ho determines the correct 
circle of equal altitude, the intercept tells the 
observer that the circle of equal altitude he is 
actually on is closer to or farther from the sub- 
point than the assumed position by the value of 
the inter «pt. If the Ho is greater than the He, 
he is closer to the subpoint, and the intercept 
is measured toward the subpoint. By the same 
reasoning, when the Ho is less than the He, the 
intercept is measured away from the subpoint 
as shown. 


An intercept toward the body is in the direc- 
tion of the true azimuth. An intercept away 
from the body is in a direction 180° from the 
true azimuth. Therefore, if the assumed position 
is plotted as in Plotting a Celestial LOP, and 
if the observer moves the intercept distance 
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toward or away from the direction of true 
azimuth, a point is located on the circle of 
equal altitude that contains the actual position. 
A straight line is then constructed perpendicular 
to the direction of the true azimuth to represent 
the are of the correct circle of equal altitude. 
This is the celestial LOP. The arc of the circle 
of equal altitude is drawn as a straight line 
because the circle is so very large for most shots 
that a straight line approximates the arc itself 
over relatively short distances. 


Example: The assumed position is 38° N, 
121°380’ W for a shot taken at 1015 GMT on 
Aldebaran. The Ho is 32°14’. The Hc is deter- 
mined to be 32°29’ and the Zn 120°. A com- 
parison of Ho and He determines the intercept 
to be 15 nautical miles away (15’A). It is 
plotted in the manner shown. 


PLOTTING THE LOP. The following steps are 
suggested for plotting the above LOP. 


1. Plot the assumed position and set the 
intercept distance on the dividers. 


2. With one point of the dividers on the 
assumed position, measure the 120° of the true 
azimuth and place the other point of the dividers 
down, in this case, away from 120° or in the 
direction of 800° from the assumed position. 


3. Remove the point of the dividers that is 
at the assumed position, keeping the other 
point in place. Swing the plotter around 90°, 
keeping the edge against the divider point. 
Adjust the plotter so that the true azimuth can 
be read against a parallel of latitude as shown. 
The edge of the plotter is now perpendicular to 
the true azimuth. Draw a line along the edge 
of the plotter; this is the LOP. (This method 1s 
valid only if plotting on a mercator or the grid 
of a JN chart. It will be inaccurate if plotting 
along curved parallels of latitudes.) 


SUMMARY OF INTERCEPT METHOD. The main 
steps to remember when determining the LOP 
by the intercept method are: 


1. Measure the altitude (Hs) of a celestial 
body with a sextant and note the midtime of 
the observation. Apply corrections to Hs or 
pre-apply to He to obtain Ho and record the 
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time of observation, the body observed, and the 
Ho of the body. 


2. For some assumed position near the DR 
position, find the altitude (Hc) and true azimuth 
(Zn) of this body for the time of the observation. 
This is done with the aid of celestial tables such 
as H.O. 249. 


3. Find the intercept, which is the difference 
between Ho and He. Intercept is toward the 
subpoint if Ho is greater than He, and away 
from the subpoint if Ho is smaller than He. 


4. From the assumed position measure, the 
intercept toward or away from the subpoint 
(in the direction of the true azimuth or its 
reciprocal) and locate a point on the LOP. 
Through this point draw the LOP perpendicular 
to the true azimuth. 


Additional Plotting Techniques 


The preceding techniques involve the basic 
plotting procedures used on most stars and the 
bodies of the solar system. However, there are 
certain techniques of plotting that are peculiar 
to their own celestial methods; for example, the 
plotting of LOP’s obtained by using Polaris 
which will be discussed later. Also certain pre- 
computation techniques lend themselves readily 
to other plotting techniques, such as preplotting 
the true azimuths or plotting the fix on the DR 
computer. 


These last plotting techniques will be dis- 
cussed in the section on H.O. 249 Precomputa- 
tion. Other special techniques will be discussed 
in the section on curves, in which the celestial 
observation is plotted on a graph rather than 
on the chart. 


INTERPRETATION OF LOP’S 


Navigation has two aspects, the mechanical 
and the interpretive. The mechanical aspect 
includes operation and reading of instruments, 
simple arithmetical calculations, plotting, and 
log keeping. The interpretive aspect is the 
analysis of the data which has been gathered 
mechanically. These data are variable and sub- 
ject to error. The navigator must convert them 
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into probabilities as to the position, track, and 
groundspeed of the aircraft, and the direction 
and speed of the wind. 


The more these data are subject to error, the 
more careful the interpretations must be, and 
the less mechanical the work can be. LOP’s and 
fixes especially require careful interpretation. 


It is convenient to think of a fix as the true 
position of the aircraft and of the LOP as a 
line passing through this position, but these 
definitions are optimistic. It is almost impossible 
to make a perfect observation and plot a per- 
fect LOP. Therefore, an LOP passes some place 
near this position, but not necessarily through 
it, and a fix determined by the intersection of 
LOP’s is simply the best estimate of this position 
on the basis of one set of observations. Thus, 
in reality, a fix is a most probable position, and 
an LOP is a line of most probable position. 


The best interpretation of LOP’s and fixes 
means their use to the best advantage with dead 
reckoning. Good interpretation cannot compen- 
sate for poor LOP’s, nor can good LOP’s 
compensate for careless dead reckoning. To get 
good results, every precaution must be taken 
to insure the accuracy of LOP’s and exact DR 
calculations. 


Intelligent interpretation requires fine judg- 
ment, which can only be acquired from expe- 
rience. The navigator can be guided, however, 
by certain well established, though flexible rules. 


The following discussion pertains especially to 
celestial LOP’s and fixes. It also applies to 
LOP’s and fixes established by radio, and, to 
some extent, to those obtained by map reading. 


Single LOP 


Previous discussions dealt with the basic 
plotting of an LOP and errors in LOP’s, but 
they did not show the actual mechanics of the 
plotted corrections which must be applied. The 
LOP must be corrected for coriolis‘rhumb line 
correction, and also for prezession /nutation cor- 
rection if it is based on an H.O. 249, Volume I, 
star shot. Coriolis‘rhumb line correction be- 
comes a very significant correction at higher 
speeds and latitudes. Suppose the correction 
determined from the coriolis/rhumb line correc- 
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Two Methods of Coriolis/Rhumb Line Correction 


tion table is 9 nautical miles right (of the track). 
The LOP must be moved a distance of 9 nautical 
miles to the right of track. This can be done 
either by moving the assumed position prior to 
plotting, or by moving the LOP itself after it is 
plotted. (Remember the assumed position is not 
used in the plotting of the LOP obtained from 
a Polaris observation.) Consider the above 
illustration showing a track of 90°: 

Notice that in both methods the corrected 
LOP is in the same place with respect to the 
original assumed position, and that the inter- 
cept value is the same. The resultant LOP is the 
same regardless of the method used. 
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If, in addition to the coriolis/rhumb line 
correction, a precession/nutation correction of 3 
nautical miles in the direction of 60° is required, 
it would have been further applied as shown in 
the next illustration. Again the corrected LOP 
is the same, using either method, because the 
intercept and resultant position of the corrected 
LOP to the original assumed position are the 
same. The corrected LOP alone gives very little 
information; hence, a position must be arrived 
at only after considering the LOP and the DR 
position for the same time. There is also a special 
use for the single LOP which is discussed in the 
section on landfalls. 
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Most Probable Position (MPP) By C-Plot 


The most probable position is just what the 
name implies. It is not a fix; however, since it 
is the best information available, it is treated 
as such. Notice in the illustration that the DR 
position and celestial LOP (for the same time) 
do not coincide. 
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Obviously, the DR information or celestial 
information, or both, are in error. Notice that 
the prior fix has no time on it. Suppose this 
prior fix had been for the time of 1010. It would 
then be very likely that most of the error is in 
the celestial information and the probable 
position is closer to the DR position than to 
the celestial LOP. On the other hand, suppose 
the prior fix had been for the time of 0900. 
Since the accuracy of the celestial information 
is unaffected by the time to the last fix, it 
would in this case be most likely that the actual 
position is closer to the LOP than to the DR 
position. 


A formula has been devised to position the 
observer along the perpendicular to the LOP 
according to the time factor. The formula is 


_ 


(+p 


where ¢ is time in minutes, p is the perpendicular 
distance between the DR position and the LOP, 
and d is the distance from the DR position for 
the time of the MPP measured along the per- 
pendicular to the LOP. Look at the next two 
illustrations and see how the formula works for 
the two problems cited above if the perpendicular 
is 20 nautical miles in length. In the first case 
t is 15 minutes and p is 20 nautical miles, so 


tA 557 


15+20 35 


and the MPP would be located along the per- 
pendicular about 81!% nautical miles from the 
DR position. 


Now consider the second case where ¢t is l 
hour 25 minutes or 85 minutes, p is 20 nautical 
miles and 


In this case the MPP would be over 16 nautical 
miles away from the DR position along the 
perpendicular to the LOP. 


If the navigator prefers not to use the formula, 
a simple table can be easily constructed to solve 
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To Solve for ‘‘d’’ 


for ‘‘d’’ with entering arguments of “p’”’ and 
‘‘t”’? as shown. The table could easily be enlarged 
to handle larger values of “‘t’”’ and “‘p.” 


In most fixes, the DR position is so close to 
the LOP that the midpoint between these two 
ean be considered the MPP. A good rule to use 
is to take the mid-point of the perpendicular 
if the total distance between the DR position 
and the LOP is 10 nautical miles or less. If the 
value of p is greater than 10 nautical miles, the 
formula 


__? 
(+p 


or a table based on this formula should be 
used to determine the MPP. 


Up to this point, determination of the MPP 
has been rather mechanical. Experienced naviga- 
tors will frequently further adjust the position of 
the MPP for other factors not yet considered. For 
example, if the LOP is carefully obtained under 
good conditions or if it is the average of several 
LOP’s, he may further weight the MPP in the 
direction of the LOP by the amount his judg- 
ment dictates. However, the reverse may be 
true if the LOP is obtained under adverse con- 
ditions of rough air. In the latter case, he might 
move the MPP closer to the DR position by 
some amount determined by his judgment. 


Further, consider the validity of the DR 
position in relation to factors other than time. 


A DR position at the end of 40 minutes would 
be more reliable with drift and groundspeed by 
timing than one based on metro information. 
These factors may also adjust the original MPP 
closer to or farther away from the DR position, 
along the perpendicular. However, these last 
mentioned factors are judgment values that 
come only with experience. In fact, the expe- 
rienced navigator may mentally calculate all 
the factors involved and arrive at the final 
position of the MPP without recourse to the 
formula or table. 


Finding Celestial Fix 


Up to this point only the single celestial LOP 
and what to do with it have been considered. 
Now, the celestial fix should be considered. To 
establish a fix, two or more lines of position must 
be obtained. Since, in most cases two or more 
LOP’s cannot be obtained simultaneously, they 
must be converted to a common time. For 
example, an LOP obtained at 1010 must be 
converted to the LOP obtained at the fix time 
of 1014. There are several methods for making 
this conversion which will be discussed presently. 
Consideration is also given to the planning of the 
fix and the final interpretation of the fix itself. 


CONVERSION OF LOP’S TO A COMMON TIME. 
Moving LOP. One method of converting LOP’s 
to a common time is to move the LOP along 
the best known track for the number of minutes 
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TABLE |—-A.—Correction for Motion of Observer for 4 Minutes of Time 
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Conversion of LOP’s on Chart 


of groundspeed necessary for the time con- 
versions. This method is similar to that used for 
correcting for coriolis/rhumb line and precession / 
nutation. For example, suppose the track is 
110°, and the groundspeed 300 knots. LOP’s 
are for 1500, 1504, and 1508, and a fix is desired 
at 1508. This means the 1500 LOP must be 
moved to the time of the fix, using the track 
and 8 minutes of the best known groundspeed. 
The 1504 LOP must be moved to the time of the 
fix, using the track and 4 minutes of ground- 
speed. The 1508 LOP is already at the fix time, 
so it requires no movement. The illustration 
shows the method of conversion as it is com- 
pleted on the chart. 


If at any time the LOP has to be retarded 
(moved back) to the time of the fix, use the 
following procedures: Using the reciprocal track 
and groundspeed, obtain the correction in the 
regular manner fcr the number of minutes of 
difference. For example, suppose the fix is at 
1800 and the last shot is at 1802. Retarding the 
LOP of two minutes of groundspeed on a track 


of 70° would be the same as advancing it 2 
minutes of groundspeed on a track of 250°. 


Motion of Observer Tables. A second method of 
conversion of LOP’s to a common time is with 
a Motion of the Observer table such as the one 
in H.O. 249. This table gives a correction to be 
applied to the Ho or He, so that the LOP 
initially plots in its converted position. The 
correction obtained from table 1A in H.O. 249 
is for 4 minutes of time. An additional table 
allows the navigator to get the correction for 
the number of minutes he needs. 


For example, suppose that he needs to advance 
an LOP for 11 minutes and the Ho of the body 
is 38°29’ and its Zn 80°. The track of the air- 
craft is 020° and the groundspeed is 240 knots. 
In the Table 1-A, Correction for Motion of the 
Observer for 4 Minutes of Time, illustrated, 
the entering arguments are Zn-Cus (or Zn- 
Track) and groundspeed in knots. Because of 
the mathematics involved, Zn minus Track or 
Track minus Zn may be used as entering 
arguments. Merely subtract the smaller angle 
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Moving Assumed Positions 


from the larger and enter with the value found. 
In this case Zn-track =080°—020°=60° and 
groundspeed is 240 knots. Entering this table 
with these arguments, the correction listed is 
—S for 4 minutes of time. 


Now look at the bottom of table 1-B. The 
rule for applving the correction to observed 
altitude when the LOP is to be advanced is that 
the signs are as given. Hence, +8’ is the cor- 
rection to be applied to the Ho for 4 minutes of 
time. and —16’ is the correction to be applied 
to the Ho for 8 minutes of time. However, the 
correction for an additional 3 minutes of time 
is still needed. Entering Table 1-B with the value 
obtained from Table 1-A (+8’) and 3 minutes 
of time. the correction listed is plus six (+6’). 
Hence. the 11-minute correction to be applied 
to the Ho is —22’. The corrected Ho is now 
33°51’. Comparing this new Ho with He will 
give an intercept. which used in the initial 
plotting of the LOP will place the LOP in its 
moved up position. 


Table 1-B is used extensively in precomputa- 
tion work. In the above problem, the correction 
to Ho was —22’. The correction may also be 
applied to He instead of Ho by reversing the 
sign as the second rule states, thus obtaining a 
— 2 to be applied to the He. As the rules show. 
the adjustment may also be applied to the 
intercept. The resultant intercept would be the 
same. 
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Any correction that 1s applied to an observed 
altitude can be applied with a reversed sign to the 
computed altitude (Hc) instead, without changing 
the value of the resulting intercept. In the sample 
problem, suppose the He were 38°57’. The 
intercept is 6 nautical miles away. If the nav- 
igator had used the original Ho of 33°29’ and 
applied —22’ to the He, he would have obtained 
an He of 33°35’ and still have an intercept of 
6 nautical miles away. 


When retarding the LOP, using the Motion 
of the Observer tables merely necessitates 
changing the sign of the correction. The rule for 
this is printed with the correction tables or 


graph. 


Moving Assumed Position. Another method of 
converting LOP’s to a common time is to move 
the assumed position. This method is recom- 
mended for shots four minutes apart, computed 
to give all three bodies a single assumed position. 
However, it is not limited to that type of 
computation. The assumed position is moved 
along the best known track at the best known 
groundspeed. For example, again suppose that 
the track is 110° and the groundspeed 300 knots. 
LOP’s are for 1500, 1504, and 1508, and a fix 
is desired at 1508. 


Since the first LOP would have to be ad- 
vanced 40 nautical miles (8 min at 300 k) the 
same result is realized by advancing the assumed 
position 40 nautical miles parallel to the best 
known track. The 1504 LOP must be advanced 
20 nautical miles; therefore the assumed position 
is advanced parallel to the best known track. 
The third shot requires no movement, and it is 
plotted from the original assumed position. It 
should be noted that the first shot is always 
plotted from the assumed position which is 
closest to destination. In this method, if ob- 
servations are precomputed and the assumed 
position is moved prior to shooting, the follow- 
ing procedure is used when shooting is off 
schedule. For every minute of time that the 
shot is taken early, move the assumed position 
15 minutes of longitude to the east. For every 
minute of time that a shot is taken late, move 
the assumed position 15 minutes of longitude to 
the west. 
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Effect of Cut on Accuracy of Fix 


PLANNING THE FIX. The accuracy of a fix 
depends not only on the accuracy of the individ- 
ual LOP’s, but also on their “cut’’; that is, the 
angle at which they intersect. Usually the ac- 
curacy of a celestial fix can be improved by 
selecting bodies whose LOP’s will give the best 
cut. 


In a two-LOP fix, the ideal cut of the LOP’s 
is 90°. Notice in the related illustration that 
with this cut, a 5-mile error in one LOP will 
cause a 5-mile error in the fix. If the acute angle 
between the LOP’s is 30°, a 5-mile error of one 
LOP will cause a 10-mile error in the fix. Thus, 
with a two-LOP fix, an error in one LOP will 
cause at least an equal error in the fix; the 
smaller the acute angle between the LOP’s, the 
greater the fix error caused by a given error in 
one LOP. Of course, if both LOP’s are in error, 
the fix may be thrown off even more. 


In a two-star fix, the cut will be 90° if the 
azimuths of the two bodies differ by 90°. Of 
course, in a two-station radio fix, the cut will be 
90° if the bearings of the two stations differ 
by 90°. 
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In a three-LOP fix, the ideal cut of the LOP’s 
is 60° (star azimuths 120° apart). With this 
cut, a 3-mile error in any one LOP will cause a 
2-mile error in the fix. With any other cut, a 
3-mile error in any one LOP will cause more 
than a 2-mile error in the fix. 


In a three-star fix, the cut will be 60° if the 
azimuths of the stars differ by 60° or if they 
differ by 120°. If there is any unknown constant 
error in the observations, all the Ho’s will be 
either too great or too small. Notice in the 
accompanying diagrams that if stars were 
selected whose azimuths differ by 120°, this 
constant error of the Ho’s will cause a dis- 
placement of the three LOP’s, either all toward 
the center or all away from the center ‘of the 
triangle. In either case, the position of the 
center of the triangle will not be affected. 
Similarly, if the navigator uses any three stars, 
the azimuths of which do not fall within 180°, 
any constant error in observations will tend to 
cancel out. 


If the three stars have Zn’s which do fall 
within 180°, there is a method of compensating 
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Bisect the Exterior Angles 


any constant error in the observations. In this 
case, the fix position will be outside of the 
triangle caused by the intersection of the three 
LOP’s. This is done by a procedure known as 
bisecting the exterior angles. The problem is to 
determine which exterior angles to bisect. If at 
éach vertex of the tmangle a short line is drawn 
toward the subpoint of the two bodies whose 
LOP’s form the vertex, the proper angles to 
bisect become apparent. In bisecting these 
exterior angles the three bisectors converge at 
the fix position. Notice in the illustration, 
Bist the Exterior Angles, the fix positions 
below the original triangle formed by the LOP’s. 


If a perpendicular were constructed from the 
finai fix position to each of the three LOP’s, the 
three distances would be equal, indicating in 
each of the three cases that the sextant read too 
righ by the same amount. Had the center of the 
Origimal triangle been used as the fix position, 
the navigator would be assuming the sextant 
re2zag too high for stars one and three and too 
low for star two. Choosing stars properly 
shousc help to neutralize sextant error. It also 
shoulda help reduce dome refraction error, even 
though this @ror is not constant for all parts 
of the dome. 
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The three-star fix has two distinct advantages 
over the two-star fix. First, it is the average of 
three observations. Second, the effect of constant 
errors of observation can be counteracted by 
selecting the stars carefully. There is also a 
third advantage. Each of two LOP’s furnish 
a rough check on the third. In resolving an 
observation into an LOP, the navigator might 
possibly make a gross error; for example, he 
might obtain an LHA which is in error by a 
whole degree. Such an error might not be 
immediately apparent. Neither would such a 
discrepancy come to immediate attention in a 
two-LOP fix. However, this third advantage 
does not apply when a single LHA is used in 
solving for all LOP’s, such as is done when 
precomputing and using motion corrections to 
resolve all LOPs to a common time. Because of 
these three advantages, it is evident that a 
three-star fix should be used, rather than a 
two-star fix, whenever possible. 


WARNING 


The preceding method should be used 
only if the constant errors are known 
to be greater than the random errors. 





If random errors are greater, the fix 
could possibly be within the triangle. 


EFFECT OF FIx Error. In determining track 
and groundspeed from departure to a fix, the 
greater the distance, the less the relative effect 
of a given fix error, and the more accurate the 
track and groundspeed determination. The 
same is true in determining track and ground- 
speed between fixes. However, when two points 
are subject to error, the track and groundspeed 
between them are twice as lable to error as 
when one point is definitely known. 


In map. reading, a fix is relatively accurate; 
therefore, the chief source of error in the cal- 
culated wind is inaccuracy in the true heading 
and true airspeed. When using celestial means 
or the radio, fixes often are less accurate than 
are air positions. Since the fix and the air 
position may both be in error, the wind de- 





termined from them may be quite inaccurate. 
Consequently, the use of radio and celestial 
fixes requires better judgment than does the use 
of map reading fixes. 


The magnitude of the error in a calculated 
average wind varies with the error of the fix 
and with the error of the air position. It varies 
also with the magnitude of the wind effect and 
with the length of the period over which the 
wind is being determined. 


With a given fix error, the greater the wind 
effect, the less the error in measured wind 
direction as shown in the illustration. The fix 
is 5 miles in error: with a 10-mile wind effect, 
the maximum error in measured wind direction 
is 80°; whereas with a 20-mile wind effect, the 
maximum error is only about 1414°. Wind 
effect is proportional to wind speed and to time. 
Therefore, the accuracy of measured wind direc- 
tion increases with the speed of the wind and 
with the length of the period over which the wind 
is determined. If the wind is weak, small fix 
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errors may be expected to cause apparent 
inconsistency of wind direction. 


The magnitude of the actual wind speed has 
almost no effect on the accuracy of the calculated 
wind speed. No matter what the wind speed, a 
10-mile fix error after an hour’s flight can give 
only a 10-knot error in calculated wind speed. 
The navigator is interested in the absolute error 
and not the percentage error in wind speed. A 
10-knot absolute error always will cause a 10- 
mile position error after an hour; this is true 
whether the true wind speed is one knot or 
100 knots. 


The longer the period over which the wind is 
determined, the greater the wind effect, and the 
smaller the relative influence of a given fix error 
upon the wind effect. Hence, the longer the 
period, the more accurate the value obtained 
for the speed of the average wind. Doubling the 
time also doubles the wind effect, and hence, will 
halve the maximum error in calculated wind 
speed caused by a given fix error. 
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The examples have been given in terms of 
airplot, but the conclusions are valid however the 
wind is found. It has been assumed in the 
examples that there was no error in air positions. 
However, DR errors are cumulative; whereas, 
the error of a fix is not affected by distance from 
departure. When the cumulative error of the 
airplot has become greater than the average fix 
error, then results can be improved by restarting 
the airplot from a fix. The difficulty is to 
recognize that time when it comes. 


METHODS OF USING FIXES 


Fixes are used to determine the wind, the 
position of the aircraft, and its track and ground- 
speed. These problems can be solved by using 
several procedures, each having certain advan- 
tages and disadvantages. A particular procedure 
may be best at one time and another best at 
some other time, the choice depending on various 
conditions. Simple rules cannot be followed in 
selecting the best procedure; rather, it becomes 
a matter of judgment. 


In general, the procedures fall into two 
categories. If the wind is fairly constant the 
information may be averaged from all fixes to 
find the wind and the final DR position. If the 
wind is changing, the navigator is not interested 
in the average wind for the whole flight. Instead, 
he wants to have a position and wind which is 
based on his latest fixes. 


When a fairly constant wind is expected or is 
indicated by the navigator’s fixes, he may wish 
to find a final position and wind which are based 
on all his fixes. In effect, he will then consider 
any variation in the calculated wind as caused 
by fix error, rather than by wind shift. There are 
two principal averaging methods: the average 
track method and the vector sum method. 


Average Track Method 


If the aircraft has maintained a constant 
heading and airspeed, the final DR position and 
wind can be found by the average track method 
as shown. If the wind is constant, the track is a 
straight line, and any deviation of the fixes from 
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this line must be due to error of the fixes. If 
the fix errors are random, these errors should he 
equally distributed on both sides of the track 
as is illustrated. Therefore, the most probable 
track is a straight line which passes through 
departure and occupies a central position among 
the fixes. When the line is drawn correctly, the 
fixes on the right side and the fixes on the left 
side have the same total distance from the line. 


To make an estimate of the groundspeed, 
average the groundspeeds to the respective fixes, 
putting more weight on the later ones because 
of their greater accuracy. Thus, multiply the 
first groundspeed by one, the second ground- 
speed by two, the third groundspeed by three, 
etc., and then divide the sum of the products by 
the sum of the factors. Knowing the track, 
groundspeed, true heading, and true airspeed, 
find the wind by using the computer. With the 
average groundspeed, plot a DR position on the 
average track. And using the calculated wind, 
find the heading and ETA to destination. 


Vector Sum Method 


If the true heading and true airspeed change 
to any extent in the course of a flight, the 
average track method is not accurate. The 
vector sum method, as shown in the captioned 
illustration, solves the problem by the use of 
airplot. This method requires that airplot be 
maintained continuously from departure, and 
that at each fix the wind effect is drawn in 
since departure. Each successive fix yields more 
accurate information concerning the wind, which 
is assumed constant. 


Make a final estimate of the wind by summing 
all wind vectors, then add each successive wind 
vector to the first. The final wind direction is 
the direction of the resultant. The final wind 
speed is the length of the resultant divided by 
the total number of hours for which the resultant 
is drawn. Note that this total time is not the 
time elapsed between departure and the final 
fix, but is the time from departure to the first 
fix, plus the time from departure to the second 
fix, etc. Using the final wind, a DR position 
can be established and a heading and ETA 
calculated to destination. 
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Fix-to-Fix Method 


This method again places more weight on the 
later fixes. However, the wind over the first part 
of the flight is taken into account in each 
succeeding wind vector, hence it is weighted 
more than the wind later in flight. If the wind 
is constant, this method should give the same 
results for a straight flight as would the average 
track method. 


The two averaging methods will give perfect 
results only if the wind is consistently constant. 
They are useful, however, when the variation is 
small, especially if it is not a veering or backing 
wind. 


Fix-to-Fix Method 


When a shifting wind is expected or indicated 
by the fixes, the averaging methods might 
prove unsatisfactory. The local wind in the 
vicinity of destination might be very different 
from the average wind for the whole flight, and 
the final DR position might be considerably in 
error. Consider the situation illustrated. The 
wind is veering and increasing in strength. The 
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aircraft 1s making good the track shown by the 
curved line, and the fixes are accurate. A 
navigator using the average track method might 
plot the DR position, A, and turn right in order 
to reach his destination. But in this example the 
fix-to-fix method, which is explained in Volume 1 
under Map Reading should be used. This 
method assumes that the fixes are accurate and 
that a line connecting them is the track of the 
aircraft. 


The airplot is restarted at each fix, and a new 
wind is found between each two successive fixes. 
In the illustrated example, a DR position and 
heading to destination would be calculated on 
the basis of the wind found between the last 
two fixes; this should bring the aircraft close to 
its destination. 


The fix-to-fix method gives good results if the 
fixes are accurate, which is the reason why it is 
used in map reading. With this method, how- 
ever, the advantage of increased accuracy of 
information derived from succeeding fixes is 
lost. The error of a fix reflects inaccuracy not 


only to the wind determined at that fix, but also 
to the wind determined at the next fix, which 
gives the new airplot a false start. As a result, 
since the alteration of course to destination is 
made on the basis of the last two fixes alone, 
errors in these fixes could cause the navigator 
to miss his destination, especially if the fixes 
are close together. 


Combination Method 


Sometimes the navigator can change from 
one method to another. For example, if he 
starts using the fix-to-fix method and the fixes 
seem to fall into line satisfactorily, he can 
change over to the average track method. If in 
doubt as to which method to use, he can post- 
pone his decision until he plots the fixes. He can 
also use a combination method, as illustrated, 
which gives the total wind effect at each fix as 
well as the wind between fixes. 


! 
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To use this method, he continues the airplot 
unbroken from the departure point, transferring 
the fix A wind to the fix B air position. The 
vector connecting the transferred wind with the 
second fix represents the wind effect between 
fixes. The third vector, therefore, is the total 
wind effect since departure. If the successive 
winds between fixes appear to show a fairly 
consistent shift, he may decide to use the last 
fix and wind as a basis for altering course to 
destination just as in the fix-to-fix method. If 
winds are inconsistent, he may decide to use a 
vector sum. 


Fix Interpretation 


On the basis of the metro information, the 
navigator may be able to divide the flight into 
zones, within each of which the wind is relatively 
constant or is shifting in a definite manner. To 
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be useful, these zones must be broad enough to 
permit him to obtain two or three fixes. The 
zoning can guide him in selecting a procedure. 
For example, if the winds appear to be fairly 
constant over a long distance, he can use the 
average track method in that zone, but he 
should change to the fix-to-fix method when 
passing into a zone of shifting winds. 


In flight the navigator should continually 
check his fix winds against the winds predicted 
for the zone he is in. If his fix wind shows a shift 
like that predicted for the next zone, the pressure 
pattern may have moved more than he antic- 
ipated. If he finds one unlikely wind in a zone 
where otherwise the winds agree with those 
predicted, he may decide to discard it. 


The navigator does not have to use the zone 
boundaries suggested by preflight weather in- 
formation if celestial information indicates that 
the wind has shifted sooner or later than 
expected. Averaging and restarting the airplot 
should be based on the zones as he actually finds 
them. 


He may not always be able to get enough 
fixes to base decisions on averages. If the wind 
is shifting rapidly, he should use the fix-to-fix 
method. 


SUMMARY 


Because of all of the factors involved, a 
certain amount of judgment is necessary, along 
with the proper use of the mechanics comprising 
celestial navigation. When using a single LOP 
or a fix, the navigator has to take into con- 
sideration the existing conditions and weigh the 
DR information against the information ob- 
tained from the LOP. 

An accurate DR position should always be 
computed. 

A formua has been devised to aid in de- 
termining an MPP from a single LOP, but the 


navigator may want to make further adjust- 
ments to the final position. The formula is 


oe 

t+p 
Remember, d is the distance measured along a 
perpendicular from the DR position to the LOP. 


In the case of the two- or three-star fix, 
planning plays a very important part. Selecting 
stars whose azimuths differ by 120° for a three- 
star fix will minimize errors in the fix position. 
In two-star fixes, the ideal azimuth separation is 
90°. Also, when dealing with more than one 
LOP, it is necessary to resolve the LOP’s to a 
common time. This adjustment can be accom- 
plished by moving the assumed position, by 
moving the LOP’s, or by applying a correction 
factor to the He or Ho. 


The accuracy of navigation depends on 
judgment and evaluation of the information 
found. In using the celestial fix, the navigator 
has a choice of several solutions. Generally, 
these methods, or procedures, fall into two 
categories: the average track and _fix-to-fix. 
There is no rule stipulating the method to use; 
the navigator must decide which one will best 
meet the situation. 


Generally, the following should be taken into 
consideration when attempting to evaluate fixes: 


Accuracy of Fix Depends Upon 
1. Relative bearing of bodies. 


2. Reliability of observation, stability, sky 
conditions, ete. 


3. Size of fix. 
Accuracy of DR Position Depends Upon 
1. Agreement of fix winds with metro. 
2. Pressure systems involved. 
3. Flight altitude. 


4. Time since last fix. 





Sextants and 


Errors of Observation 


FIELD PRISM 


Body is not sighted Directly 


A celestial LOP is determined by measuring 
the altitude of a celestial body with a sextant. 
The sextants now in general use are of two 
types: (1) marine sextants, which measure 
altitude above the visible horizon, and (2) air- 
craft bubble sextants, which measure altitude 
above the artificial horizon; that is, above the 
celestial horizon as established by a leveling 
device (the bubble). The marine sextant is not 
used for aerial navigation and, consequently, is 
not discussed in this manual. 


Sextants are subject to certain errors that 
must be compensated for when determining 
LOP’s. Some of these errors are corrected by 
adjusting the Hs or He, and others are corrected 
by adjusting the LOP or assumed position. A 


major portion of the material presented in this 
section is devoted to the explanation of the 
causes of these errors and the necessary cor- 
rections. 


THE BUBBLE SEXTANT 


The aircraft bubble sextant measures altitude 
above a horizontal plane established by a 
bubble. The Air Force uses several types of 
bubble sextants, all of which are indirect sight- 
ing. This means the navigator does not look 
directly toward the celestial body, but always 
looks in a horizontal direction as shown. The 
image of the body is reflected into the field of 
view when the field prism is set at the correct 
angle. In the bubble sextant, the bubble and 
body are visible in the same field of view, as 
shown in the related illustration. 


| 
—%®— 





SEXTANT FIELD 


Bubble and Body Visible in Same Field 
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3—NEGLIGIBLE ERROR 


Proper and Improper Collimation 


Accurate observations can be obtained from 
the various bubble sextants by using proper 
collimation techniques, and by using the proper 
size bubble. Collimation is effected when the 
body is placed in the center of the bubble, or 
horizontally centered alongside the bubble, if it 
is the opaque type. For greatest accuracy, the 
bubb'le should be in the center of the field. The 
eror will be small if the bubble is anywhere on 
the vertical line of the field, as long as it does 
noz touch the top or bottom of the bubble 
enamber. The illustration shows examples of 
proper and improper collimation. 


Bubble Size affects the accuracy of a sextant 
oosevation. The ideal situation is to have a 
sma_ bubbie for ease in determining the center. 
However. too small a bubble is sluggish, and it 
3 cesrec to have a bubble that is active. 
Fyvermence has shown that best results can be 
OClamet with a bubble approximately one and 
2 727 tomes the apparent diameter of the sun 
or =r 


Dye “Est prism is geared to an altitude scale 
<E= wtem the body is collimated the altitude 


_ 


27 ce reed from the scale. An averaging 
mecos= s&s ako incorporated which allows 
LE T2TLESior 10 take a series of observations 
Over = Od 


=o «of ume. This is more accurate 
a= Tey =z OM a Single observation. The actual 
operacoc af the various sextants and their 
aVeurTE mechanisms js discused in the 


ERRORS OF SEXTANT OBSERVATION 


If collimation of the body with the bubble 
and reading the sextant were all that had to be 
done, celestial navigation would be simple. This 
would mean that LOP’s accurate to within one or 
two miles could be obtained without any further 
effort. Unfortunately, considerable errors. are 
encountered in every sextant observation made 
from an aircraft. A thorough understanding of 
the cause and magnitude of these errors, as well 
as the proper application of corrections to either 
the He or Hs, will help minimize their effect. 
(Any correction applied to the Hs may be 
applied instead to the He with a reverse sign.) 
Accuracy of celestial navigation is, therefore, 
dependent upon thorough application of these 
corrections, together with proper shooting tech- 
niques. 


The errors of sextant observation may be 
classified into four groups: (1) parallax error, 
(2) refraction errors, (3) instrument errors, and 
(4) acceleration errors. 


Parallax Error 


Parallax in altitude is the difference between 
the altitude of a body above a bubble horizon 
at the surface of the earth, and its calculated 
altitude above the celestial horizon at the center 
of the earth. All He's are given for the center of 
the earth. If the light rays reaching the earth 
from a celestial body are parallel, the body has 
the same altitude at both the center and the 


sais Google 
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PARALLAX 





TABLE OF CORRECTIONS 
FOR MOON'S PARALLAX 
3 APRIL 1953 


Correction Added to Hs 


surface of the earth. For most celestial bodies, 
therefore, parallax is negligible for purposes of 
navigation. 


CORRECTION FOR Moon. This does not apply 
to the moon because it is so close to the earth 
that its light rays are not parallel. The parallax 
of the moon may be as great as 1°; thus, when 
observing the moon, a parallax correction must 
be applied to the Hs. The illustration shows that 
the moon appears at a lower altitude from the 
surface of the earth than it would appear from 
the center of the earth; therefore, the correction 
is always plus. The amount of this correction 
varies with the altitude and with the distance of 
the moon from the earth. The correction varies 
from day to day because the distance of the 
moon from the earth varies. On the right-hand 
side of the front of each daily sheet in the Avr 
Almanac, there is a table of the moon’s parallax 
for all observed altitudes. 


SEMIDIAMETER CORRECTION. Another correc- 
tion found on the daily page of the Azr Almanac 
is the semidiameter correction, which is the 
apparent radius of the sun or moon. It is needed 


when shooting the upper or lower limb of the 
moon or the sun. 


It is more likely to occur on observations of 
the moon, because when the moon is not full 
(completely round), the center is difficult to 
estimate. Therefore, the navigator observes 
either the upper or lower limb and applies the 
semidiameter correction listed in the almanac 
on the lower right-hand side of the A.M. page. 
If the upper limb is observed, subtract the cor- 
rection from the Hs; if the lower limb 1s observed, 
add the correction to the Hs or subtract it from 
the He. 


Listed on the same page is the semidiameter 
correction for the sun, which is applied the 
same way if used. 


EXAMPLE. The upper limb of the moon as 
observed on 16 April 1958 at 30,000 feet is 
33°41’. Apply these corrections as: 


Hs 33°41’ 
Parallax + 49’ 
Semidiameter — 16’ 
Ho 34°14’ 
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Refraction Errors 


Still another factor to be taken into con- 
sideration is refraction. If a fishing pole is 
partly submerged under water, it appears to 
bend at the surface. This appearance is caused 
by the bending of light rays as they pass from 
the water into the air. This bending of the hght 
rays, as they pass from one medium into another, 
is ealled refraction. The refraction of light from 
a celestial body, as it passes through the atmos- 
phere and through the astrodome, causes errors 
in sextant observation. 


ATMOSPHERIC REFRACTION. As the light of a 
celestial body passes from the almost perfect 
vacuum of outer space into the atmosphere, it 
is refracted as shown in the illustration so that 
the body appears a little higher above the 
horizon than it really is. Therefore, the cor- 
rection to the Hs for refraction is always minus. 
The higher the body above the horizon, the 
smaller the amount of refraction and, conse- 
quently, the smaller the refraction correction. 
Moreover, the greater the altitude of the air- 
craft, the less dense the layer of atmosphere 
between the body and the observer, hence, the 


less the refraction. 
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The appropriate correction table for atmos- 
pheric refraction is listed inside the back cover 
of all four books used for celestial computations, 
namely, the Air Almanac, and each of the three 
volumes of H.O. 249. This table lists the refrac- 
tion for different observed altitudes of the body 
and for different heights of the observer above 
sea level. The values shown are subtracted from 
Hs or added to He. 


DoME REFRACTION. Light rays from a celes- 
tial body are usually refracted as they pass 
through the plastic astrodome. The sextant 
supporting arm, furnished with the instrument, 
holds the sextant in the correct position in the 
astrodome to reduce this dome refraction to a 
minimum. 


The amount of dome refraction depends on 
the shape and construction of the particular 
dome. Domes are far from being optically per- 
fect, and since they are somewhat flexible, their 
shape may be altered at the time of installation. 
Therefore, dome refraction is unpredictable. 


However, the dome can be calibrated by 
taking observations through it from a known 
position on the earth. Dome refraction errors as 
large as 30’ have been reported. Dome refrac- 
tion is usually posted on a calibration card on 
or near the dome. The Azr Almanac includes a 
table of dome refractions for a ‘‘standard”’ 
dome. As a precaution, since there are many 
types of domes in use in the Air Force, always 
use the calibration card if one is attached to the 
dome. 


Instrument Errors 


Certain errors of observation are a result of 
mechanical faults in the sextant. An aircraft 
sextant is a delicate instrument which can easily 
get out of alignment. 


INDEX ERRORS. Hard knocks or jars can 
change the alignment of the index and field 
prism, thereby causing index error. Some 
sextants have index errors posted on the sextant 
or on the sextant case. Index error is usually 
the largest mechanical error in the sextant. This 
error is caused by improper alignment of the 
index prism with the altitude counter. No matter 
how carefully a sextant is handled, it is likely to 
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CORRECTIONS TO BE APPLIED TO OBSERVED ALTITUDE 


REFRACTION 
To be subtracted from observed altitude. 


Height above sea level in units of 1,000 ft. 


0 5 10 15 20 25 30 35.—Ss 40 45 50 55 


Observed Altitude 


17 

6 

240 140 

130 O40 
0 39 +005 
+OII —OI9Q 
—OII —0 38 
—0 28 -—0 54 
—0 42 —108 
—053 —-118 
—108 —I 31 
—123 -I1 44 
—1I 35 —156 
—146 —205 
—157 —2 14 
—214 —2 30 
—2 34 —249 
—251 —3 04 
—3 03 —3 16 
—3 13 —3 25 
—322 —3 33 
—329 -—34!1 
—3 37 -348 
—3 42 —3 53 

15 20 25 50 55 


For these heights no 
temperature correction 
Is necessary: take f= 1-0 
and use k=, 
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When if, 1s 
less than tro’ 
or the heivht 
IS greater 
than 35,000 
{t. take /=1-o0 
and use 


Choose the column appropriate to height, in units of 1,000 {t., and find the range of altitude in which the observed 
altitude lies; the corresponding value of 2? is the refraction, to be subtracted trom observed altitude, unless 
conditions are extreme, In that case tind / from the lower table, with critical argument temperature. Use the 


table on the right to form the refraction R=le,x f. 
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FIELD OF VIEW 


BUBBLE CHAMBER SPEED DECREASES - INERTIA 
CAUSES LIQUID TO MOVE TO 
FRONT OF CHAMBER. BUBBLE 








VIEW OF BUBBLE 
CHAMBER FROM ABOVE 
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The shifting of the bubble creates a false horizon 


sextant should be checked on the ground before 
every flight during which the navigator expects 
to rely on celestial observations. The procedures 
for the sextant check are described in the chap- 
ter on Celestial Curves and in the Advanced 
Instruments chapter. 


Acceleration Errors 


Presently, the only practical and continuously 
available reference datum for the definition of 
the true vertical is the direction of the gravita- 
tional field of the earth. Definition of this 
vertical establishes the artificial horizon. It is 
also fundamental that the forces caused by 
gravity cannot be separated from those due to 
accelerations by any self-contained means within 
the sextant. A level or centered bubble in the 
sextant indicates the true vertical only when the 
instrument is at rest or moving at a constant 
Velocity in a straight line. Any outside force 
(changes in groundspeed or changes in track) 
will atfeet the liquid in the bubble chamber and, 
consequently, displace the bubble. (See the ap- 
pendix for other definitions of the vertical.) 


When the sextant. is moved in a curved path 
(Coriolis, changes in heading, rhumb line) or 
with varying speed, the zenith indicated by the 
bubble is displaced from the true vertical. This 
presents a false artificial horizon above which 


the altitude of the celestial body is measured. 
Sinee the horizon used is false, the altitude 
measured from it is erroneous. Therefore, the 
accuracy of celestial observations is directly 
related to changes in track and speed of the 
aircraft. Acceleration errors have two principal 
causes: changes in groundspeed and curvature 
of the aircraft’s path in space. 


The displacement of the liquid and the bubble 
in the chamber may be divided into two vectors, 
and each vector may be considered separately. 
These vectors may be thought of as a lateral 
vector (along the wings) and a longitudinal 
vector (along the nose-tail axis of the aircraft). 
A longitudinal displacement can be caused by 
any change in groundspeed. This change can 
be brought about by a change in the airspeed 
or the wind encountered, or the change in 
groundspeed brought about by a change in 
heading due to other factors (gyro precession, 
rhumb line error, etc.). A lateral displacement 
results from a number of causes, most of which 
will occur in spite of any efforts to hold them 
in check. These causes are termed Coriolis, 
rhumb line error, and wander errors. 


CHANGES IN GROUNDSPEED. This error is 
caused primarily by changes in airspeed or 
changes in wind velocity. Errors due to changes 
in groundspeed will normally be small. The 
computation of the amount of error is based on 
the assumption that a one-knot error in true 
airspeed will produce a one-knot error in ground- 
speed. If this occurs during a one-minute shoot- 
ing period, it will cause up to three nautical 
miles of error in the LOP, irrespective of the 
speed of the aircraft. The maximum error would 
occur on a speed line shot. 


Wind velocity also causes changes in ground- 
speed but the amount cannot be determined. 
This change in groundspeed (acceleration- 
deceleration) will cause the liquid to be displaced, 
with the subsequent shifting of the bubble 
creating a false horizon. Notice in the accom- 
panying illustration how the horizon is auto- 
matically displaced by keeping the bubble in 
the center while these changes are taking place. 
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CURVATURE IN SPACE. The general equation 
for acceleration errors caused by flying a 
curved path in space is given as: 


Z=2.63' V sin $+0.146' V2? sin A tan $—5.25' 
Va’ 


when Z is deflection of the vertical in minutes 
of arc 


V is groundspeed in hundreds of knots 
¢ is latitude in degrees 
A is track in degrees 


A’ is rate of change of track in degrees per 
minute 


The first term in the equation (2.63 V sin @¢) 
is significant at all speeds and defines Coriolis 
correction. 


The second term (0.146 V? sin A tan 4), 
which becomes more significant with an increase 
in speed and latitude, is the rhumb line correction. 


The third term (5.25 VA’) allows for bubble 
accelerations caused by track changes of a 
random nature occurring during the observing 
period. This is wander correction. 


Coriolis Force (2.63' V sin ¢). Any freely 
moving body traveling at a constant speed above 
the earth is subject to an apparent force which 
deflects its path to the right in the Northern 
Hemisphere, and to the left in the Southern 
Hemisphere. This apparent force and the result- 
ing acceleration were first discovered shortly 
before the middle of the nineteenth century by 
Gaspard Gustave de Coriolis (1792-1843) and 
given quantitative formulation by Ferrel. The 
acceleration is known as Coriolis acceleration 
(or force) or simply Coriolis, and is expressed 
in Ferrel’s law. 


The navigator must realize that the bubble 
sextant indicates the true vertical only when 
the instrument is at rest or moving at a constant 
speed in a straight line as perceived in space. 
If the earth were motionless, this straight path 
in space would also be a straight path over the 
surface of the earth; conversely, a_ straight 
path over the motionless earth would also be a 
straight path in space. 
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The earth rotates from west to east at a speed 
of approximately 901 knots at the equator. As 
latitude increases, the speed decreases until it 
becomes zero at the poles as shown in A of the 
illustration. In B, C, and D, consider an aircraft 
departing from points A, C, E, G with destination 
at points B, D, F, H, respectively. In all cases 
the aircraft must fly a curved path, as viewed 
from space, in order to reach its destination. 
The curved path is to the left in the Northern 
Hemisphere, and to the right in the Southern 
Hemisphere. 


When the aircraft is flying a path curved in 
space to the left, the fluid in the bubble chamber 
is deflected to the right and the bubble is 
deflected vc the left of the aircraft’s path over 
the earth. When the aircraft is flying a curved 
path in space to the right, the reverse is true. 


In the illustration, Hs is Smaller Than It 
Should Be, the aircraft is represented as flying 
on a curved path to the left. Note that in the 
inset representing the bubble chamber, the 
heavy black bubble is indicated in its approx- 
imate position representing the true vertical. 


However, the observer always seeks to center 
the bubble, and on this beam shot, facing to 
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Earth rotation causes points to 
change to A, and B. 
Course made good is 180°. 
Apparent path of aircraft 
as viewed from space is a 
curve to the left in the 
northern hemisphere. 












Aircraft flies from C to D. 
Earth rotation causes points te 
change to G andD, 
Course made good is 360°. 
Apparent path of aircraft 
as viewed from space is a 
curve to the right inthe 


southern hemisphere. 















Curved Paths in space 


the right side of the aircraft to observe the body 
he would tip the sextant up. This would tilt 
the bubble horizon from its true position, pro- 
ducing a smaller sextant reading then the true 
value. Following the rule — the smaller the 
Ho, the greater the radius of the circle of equal 
altitude — the LOP will fall farther from the 
subpoint than the true LOP. Obviously, if the 
erroneous LOP falls farther from the subpoint, 
it will fall to the left of the true LOP and the 
correction to the right is valid. Corrections for 
Coriolis error are shown on the inside back 
cover of the almanac as well as in all volumes 
of H.O. 249. 


Coriolis acceleration is: 


1. Directly proportional to the straight line 
velocity. 


2. Directly proportional to the angular 
velocity of the earth. 


3. Directly proportional to the sine of the 
latitude. 


4. At right angles to the direction of 
motion of the particle, and therefore it 
can only influence its direction, never its 
speed. 





Aircraft flies from E to F. 

Earth rotation causes points to NP 
Change to E, and F,. 

course made good is 360°. 
Apparent path of aircraft as 
viewed from space is a 
curve to the left in the 
northern hemisp 











Rhumb Line Error (0.146’ V? sin A tan @). 
As long as a constant true heading is flown, the 
path of the aircraft will be a rhumb line. Be- 
cause a rhumb line on the earth’s surface is a 
loxodromiec curve, it is also a curved line in 
space. If the aircraft is headed in a general 
easterly direction in the northern hemisphere, the 
apparent curve is to the left and becomes an 








VIEW OF BUBBLE 
CHAMBER FROM ABOVE 






TURN LEFT 
BUBBLE LEFT 


Aircraft flies from G to H. 
>» Earth rotation causes points 
to change to G, and H,. 
Course made good is 180°, 
Apparent path of aircraft 
as viewed from space is a 
curve to the right in the 
southern hemisphere. 









EAST CURVE LEFT 


The path of the aircraft as viewed 
in space is to the left for easterly 
or westerly headings (in the northern 
hemisphere) as shown if circled positions 
are connected. 


0) 


addition to the Coriolis error. By the same 
token, if headed in a westerly direction in the 
northern hemisphere, the apparent curve is to 
the right, or opposite that of Coriolis force. 


There are notable exceptions to this. When 
flying north or south, the aireraft is flying a 
great circle and there is no rhumb line error. 


Hs is smaller than it should be 
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The aircraft flies 


Also, when steering by a free running compen- 
sated gyro, the track approximates a great circle 
and eliminates rhumb line error. 


Prior to the wide use of high speed aircraft, 
the rhumb line error was not considered, be- 
cause at speeds under 300 knots the error is 
negligible. However, at high speeds or high 
latitudes, rhumb line error is appreciable. For 
example, at 60° north latitude with a track of 
100° and a groundspeed of 650 knots, the 
Coriolis correction is 15 nautical miles right 
and the rhumb line correction is 10 nautical 
miles night. 


The correction for rhumb line error is in- 
cluded with the Coriolis correction and can be 
found in the combined Coriolis rhumb line table 
as shown in appendix A of this manual. 


Wander Error (5.25' VA’). The third term in 
the formula corrects for net random track 
changes during the period of observation. This 
change in track can be produced by changes in 
the wind velocity, heading changes between 
limits of the autopilot, heading changes produced 
from changing magnetic variation, and heading 
changes derived from pilot manual steering 
errors. Heretofore it was considered impossible 
to correct for these errors, but the application 
of the third term of the formula, either directly 
or from a table, has improved the accuracy of 
celestial techniques at high speeds. 
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a rhumb line 


The application for the correction for wander 
is based on the assumption that an error in 
heading will produce a like error in track. How- 
ever, accurate determination of heading changes 
is necessary and is now possible with devices 
such as the true heading transmitter of the K 
radar system. With accurate determination of 
heading changes and proper application of the 
wander error formula, it is theoretically possible 
to achieve accuracy on course line observations 
equal to that expected on speed line shots. 


An example of the application of the formula 
for this type of error follows. Current autopilot 
specifications set a tolerance of +0.8°. This 
means that the aircraft can wander 0.8 of one 
degree off the preset heading before a correction 
will be made. Assuming a maximum error (the 
heading error at the start of a one-minute 
observation was —0.3° and +0.3° at the 
conclusion), then the rate of change of heading 
was +0.6 per minute. The resultant LOP would 
be 19 miles in error when flying at 600 knots. 


(5.25' X6 X.6) =18.9’ 


Suppose the rate of change of variation was 
0.12° per minute, at 600 knots. An error of 4 
miles would occur. 


(5.25’ x6 X.12) =3.78' 
As with the Coriolis force and rhumb line 


errors, correction tables have been developed 
which eliminate the necessity of solving the 








wander error formula. The next illustration 
shows a copy of a wander correction table. 
Note that the corrections are to be applied to 
the Ho. 


The following information is used as entering 
arguments for the determination of the correc- 
tion taken from the table. 


The heading at the beginning of the observa- 
tion was 079.3°. 


The heading at the end of the observation 
was 081.38°. 


The observation was taken over a _ two- 
minute period. 


The groundspeed was 450 knots. 
The true azimuth of the body was 130°. 


Following the instructions shown at the bot- 
tom of the table, the numerical portion of the 
table is entered with the values of groundspeed 
and the change of track per two minutes. In 
this case, the groundspeed is 450 knots and the 
change in track per two minutes is 2°. Since the 
heading at the end of the observation is greater 
than the heading at the beginning, the change 
is 2° to the right. Notice that it is necessary to 
know if the change is to the right or left in 
order to determine the sign of the correction. 
The factor obtained from the table is 12 x2 = 24. 


Next, the graph portion of the table is 
entered with the value of the factor (24) and 






<ECHION OF FLIGHT 


O\ 


CORRECTION OF 
19 FROM WANDER 
TABLE APPLIED TO Hy 


130° TRUE AZIMUTH 


Correction is applied to Ho 
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the value of the aximuth of the body minus the 
value of track. The graph is so constructed that 
it must be entered with Zn—Tr. In this case, 
the azimuth is 180° minus a track of 080°; the 
value thus determined is 050°. Following the 
rules set down in steps two and three at the 
bottom of the table, the correction found is 19’. 
Since the change in track is to the right, the 
correction 1s to be subtracted from the Ho. This 
is determined by referring to the signs shown at 
the ends of the arc in the table. The diagram 
shows the effect of this correction. 


If the heading and airspeed are the same at 
the beginning and the end of a shooting period, 
there will be no wander error. This is assuming 
that a change in heading produces an equal 
change in track, and a change in airspeed pro- 
duces an equal change in groundspeed. Further, 
this only applies if the body is continuously 
collimated during the observation time. 


The amount of force appled over a given 
time to displace the liquid, and subsequently 
the bubble, in one direction will be equalized 
by an amount of force over a given time in the 
opposite direction to bring the aircraft back to 
its original heading. Therefore, if the heading 
(track) and airspeed (groundspeed) are the same 
at the beginning and end of a shooting, there 
will be no acceleration error caused by heading 
or airspeed changes, and no correction is neces- 
sary for wander or groundspeed change (a 
constant wind is assumed over the shooting 
period). 


MINIMIZING ACCELERATION ERRORS. Errors 
due to acceleration are minimized by the follow- 
ing procedures: 


1. Maintain aircraft heading, or desired 
change of heading, and airspeed as constant as 
possible (maintenance of track and groundspeed 
during a shooting period). 


2. Average the altitude over a period of time. 


3. Apply corrections for known acceleration 
errors to all observations. 
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Wander Correction Table 
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Special Celestial 


Techniques 


There are several special techniques for ap- 
plying celestial information which can be used 
under limited conditions. Some save time, and 
others are valuable for various reasons. Not all 
of the techniques to be discussed result in an 
LOP. Some of these are special fixing techniques, 
others are special celestial procedures to assure 
arrival over a given destination, and still others 
are primarily planning techniques. 


POLARIS 


EQUATOR 





Altitude of Polaris Equals Latitude 


LATITUDE BY POLARIS 


Polaris is the pole star, or North Star. Be- 
cause Polaris is approximately 1° (56’ in August 
1958) from the north pole, it makes a small 
diurnal circle and seemingly stays in about the 
same place all night. This fact makes Polaris 
very useful in navigation. With certain correc- 
tions, it serves as a reference point for direction 
and for latitude in the Northern Hemisphere. 


Latitude by Polaris is a quick method of ob- 
taining a latitude LOP, and only the tables 
given in the Air Almanac are needed. Many 
navigators use a Polaris observation in almost 
every three-star fix. The illustration shows how 
the altitude of Polaris can be converted to 
latitude. 


The altitude of Polaris is always within 1° 
of the altitude of the pole, though usually they 
are not exactly the same. The diurnal circle of 
Polaris illustrated for one day shows that the 
exact altitude difference between Polaris and 
the pole can be calculated for any time. There- 
fore, the altitude of Polaris can be measured 
and the correction can be applied to give the 
altitude of the pole. This is also latitude. 


The correction table appears in the back of 
the Air Almanac. The entering argument is the 
LHA, and the Q-correction is extracted. The 
Q-correction adjusts the altitude of Polaris to 
the altitude of the pole, which is equal to the 
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POLARIS (POLE STAR) TABLE, 1958 


FOR DETERMINING THE LATITUDE FROM A SEXTANT ALTITUDE 
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The above table, which does not include refraction, gives the quantity Q to be applied to the corrected 


sextant altitude of Polaris to give the latitude of the observer 


navigator’s latitude. The Polaris (Pole Star) 
Table, 1958, is reproduced. 


Steps in the Polaris Solution 


1. Shoot and record the time and Ho of 
Polaris. 


2. Determine the L.HA of Aries (to the exact 
minute of LHA) for the time of the shot. 





3. Using the LHA of Aries, enter the Polaris 
table and extract the value of Q. 


4. Algebraically add the value of Q to Ho to 
get the latitude. 


5. Draw a line on the chart at the value of 
latitude. This line then is the LOP. 


EXAMPLE: On 14 August 1958, at 0500 GMT, 
Polaris was observed at an Hs of 46°59’. The 
observer’s DR position was 47°49’ N-106°52’ W. 







RADIUS OF DIURNAL 
CIRCLE OF POLARIS 
AUG 1958 IS 56’ 


ARC OF 
CORRECT 
READING 
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READING IS TOO 
HIGH, Q CORR. 
IS MINUS 


CORRECT READING 


READING IS 
TOO LOW, Q 
CORR. IS PLUS 






ARC OF 
CORRECT 
READING 


CELESTIAL HORIZON 





Altitude Difference Can be calculated 


His flight altitude was 25,000 feet, and flight 
altitude temperature —35° C. Find the latitude. 





Step 1. Hs 46°59’ 
Refraction Q’ 
Ho 46°59’ for Polaris at 0500 

GMT 

Step 2. 0500 GHA Aries 253°49’ 
Longitude W —106°52’ W 
LHA Aries 146°57’ 

Step 3. LHA Aries of 146°57’ has a Q-factor 
of +27’ 

Step 4. HO 46°59’ 
Q + 27’ 





Latitude 47°26’ 
Step 5. Draw LOP on chart at latitude 47°26’. 


Draw LOP Along Value of Latitude 


Polaris Table in H.O. 249 


The Polaris Table in Volume I of H.O. 249 
(Table V) is similar to the one in the Aur 
Almanac, except that it is based on the position 
of Polaris for the year of the tables. If the fix 
is to be corrected for precession/nutation, use 
Table V in H.O. 249, Volume I, rather than the 
Polaris table in the Azr Almanac. The correction 
when applied to the fix moves the Polaris shot 
into its correct position. When the Air Almanac 
is used, Polaris is plotted in its correct position, 
and applying precession/nutation correction 
would move Polaris to an incorrect position. 


INTERCEPT METHOD. The intercept method of 
plotting a Polaris LOP makes it possible to 
apply Coriolis correction to the assumed position 
and save time getting the fix onto the chart. 


48°N 


LOP POLARIS 
0500 GMT 


47°N 


107°W 106°W 
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To plot a Polaris LOP as an intercept instead of 
as a parallel of latitude, adjust the assumed 
position for Coriolis, and apply the Q-factor 
with the reverse sign to the assumed latitude 
to obtain the He of Polaris. Comparison of this 
He with Ho determines the intercept to be 
plotted towards or away from the true azimuth 
of Polaris. 


EXAMPLE: 
Assumed latitude 40°00’ N 
Q (reversed sign) — 17’ 


He Polaris 39°43’ 
Ho Polaris 39°54’ 
Intercept 11 nm toward 360° 


The true azimuth of Polaris for the time of the 
shot may be used instead of 360°. This results in 
a slight increase in accuracy. 


LATITUDE BY MERIDIAN ALTITUDE 


As has been shown, latitude can be determined 
by using the altitude of Polaris. Latitude by 
Polaris is a special case of a more general 
situation. Polaris is always on or near the 
observer’s meridian. A close look at the situation 
will show that other bodies will give the same 
results if observed at the time of meridian 
passage. The time of transit of the upper or 
the lower branch may be used. The transit of 
the upper branch is the usual case. 


As is true with the special case of latitude by 
Polaris, the general case of latitude by meridian 
altitude will enable the navigator to obtain 
latitude LOP’s rapidly and accurately, using no 
tables except the Azr Almanac. 


All possible situations which the navigator will 
encounter in computing a latitude by meridian 
altitude can be analyzed if four configurations 
are understood. The body will be on either the 
upper or lower branch of the meridian (LHA 
Body — 360° or 180°), and it may be in the 
same or the opposite hemisphere. It may be 
closer or farther away than the pole if it is in 
the same hemisphere. The diagrams illustrate 
the four cases. 


EQUATOR 
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HORIZON 


CASE 2. 
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Case 1. Latitude is opposite in name _ to 
declination. The body is crossing the upper 
branch of the observer’s meridian (LHA is 360°). 
From the Azr Almanac the declination of the 
body is found. The Hs of the body is measured 
and corrected to obtain the Ho. Reference to 
the illustration will show that the angular 
distance between the body and the observer is 
the co-altitude (90°—Ho). It will be seen that 
the latitude is equal to the co-altitude minus the 
declination of the body. This can be expressed 
by the formula: latitude =co-altitude — declina- 
tion. 


Case 2. Latitude has the same name as 
declination and the body is between the ob- 
server and the equator. The body is on the 
upper branch of the observer’s meridian (LHA 
is 860°). Referring to the illustration, it is seen 
that the latitude is equal to the co-altitude 
plus the declination. This can be expressed by 
the formula: latitude = co-altitude +declination. 


Case 3. Latitude has the same name as 
declination and the body is between the observer 
and the pole. The body is on the upper branch 
of the observer’s meridian. The illustration shows 
that since the observer is between the equator 
and the body, the latitude is equal to the body’s 
declination minus the co-altitude. This case can 
be expressed by the formula: latitude =Ho— 
co-declination. 


Case 4. Latitude has the same name as 
declination and the body is across the pole from 
the observer. The body is on the lower branch of 
the observer's meridian (LHA is 180°). The 
formula expressing this case then is: latitude = 
180° — (90° — Ho) —declination, or: Latitude = 
Ho-+co-declination. 


Time of Transit (Computer Method) 


To obtain a latitude by meridian altitude, it 
is necessary to determine the time when the 
celestial body will transit the observer’s merid- 
ian. Usually, the navigator is concerned with 
the body’s transit of the upper branch of the 
meridian. If the body is cireumpolar, the time of 
transit of either the upper or the lower branch 
may be desired. To determine the time of transit: 
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1. Determine angular distance between DR 
longitude and hour-circle of the body for two 
successive time periods. 


2. Determine the rate of change of the 
angular distance between the hour-circle of the 
body and the DR longitude (rate of change of 
LHA). 


3. Divide the last found angular distance by 
the rate of change. Add the resulting interval 
to the time of the last DR position LHA. The 
result is the time of transit of the body, taking 
account of the motion of the observer. 


The illustrated example will show the man- 
ner in which east to west movement of the 
observer will affect the rate of change. 


The difference between these two angular 
distances for the two successive hours is the 
rate of change per hour. The angular distance 
at 1500 is 72°30’ and that at 1600 is 59°35’. The 
angular rate of change is the difference between 
these two figures. In this case it would be 72°30’ 
minus 59°35’ or 12°55’ per hour, or, converting 
to minutes of arc, 775’ per hour. 


At 1600 the angular difference was 59°35’. 
Divide this figure by the rate of change (con- 
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360°-GHA-E. LONG 2.) 


‘72°30’ (4350')< 


vert the difference to minutes so that the problem 
can be put on the DR computer). Set the hour 
rate opposite the 60 minutes arrow and read 
the time to close, 4 hours 37 minutes, under the 
minutes of arc to close. 


Add this to the time of 1600 to find the time 
of transit: 2037. 


If, on the other hand, the movement of the 
observer is from west to east, the rate of change 
is Increased. As an example: 


GMT DR Long GHA Body Angular Dist. 
1500 120°20’ 45°44’ 74°36’ 
1600 118°14’ 60°45’ 57°29’ 


Rate of change is 74°36’ —57°29’ =17°07’ or 
1027’ and the angular distance remaining is 
57°29’ or 3449’. Placing this on the DR com- 
puter the time of transit can be found to occur 
at 1600 plus 3 hours 2114 minutes or at 19211% 
GMT. 


Time of Transit (Graphic Method) 


The approximate time of transit and the 
position of the aircraft at transit can be found 
quickly with the use of the navigator’s chart 
and the Azr Almanac. 


To determine the time and position of transit: 






1500" 45°00’ ——-117°30’W_ ree Se 
16007 - 60°00’ 119°35'W 59°35’ (3575’). <12°55’/HR 
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95°W 94°W 93°W 


DR Position for Time of Transit 


1. Plot two positions for time 30-60 minutes 
either side of expected transit. 


2. Find the LHA of the body for these 
positions. 


3. Determine the time of transit at each 
position by comparing the LHA with 360°. 


4. Find the difference in minutes between 
times of these positions and the time of transit 
at these positions. 


5. From each DR position measure off this 
difference in minutes (for plotting purposes, let 
minutes equal miles). When flying easterly or 







83°14’ 








1 May 57 1730 33°06’ N 
93°20’ W 
wi 





35°00’ N 
98°10’ W 


105°45’ 









DR 
ge a Position | GHA Sun| LHA Sun| -—LHA 


390° 010° + :40 18:10 


008° — 008° — 332 18:28 


westerly, plot this difference north from the 
position that is prior to time of transit and south 
from the position that is after time of transit. 
When flying northerly or southerly, plot the 
difference to the east and west. 


6. Connect the two points obtained in step 5. 


The intersection of this line with track will give 
the DR position for time of transit. 


7. Use DR to determine ETA for time of 
transit. 


The following example will illustrate the 
graphic method of determining the time of 
transit: 









Transit Time 
this longitude 






360°(0°) | Difference 


an time 
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DAYTIME CELESTIAL TECHNIQUES 


Daytime fixing, using celestial techniques, is 
rather limited because often only one body, the 
sun, is visible. Ordinarily, three LOP’s cannot 
be obtained for a fix from one body because the 
LOP’s fall too nearly parallel to each other. 
There 1s a technique, however, which can be 
used to determine a fix from observations of 
one body. 


The Noonday Fix 


At low latitudes when the sun passes close 
to the observer’s position, usually within 10°, 
its azimuth changes rapidly before and after 
transit. Over a short period of time the azimuth 
may change enough to allow a fix to be obtained. 
Since two of the LOP’s must be moved by 
using dead reckoning information, the noonday 
fix may be less accurate than other celestial 
fixes. It is better, however, than the single LOP 
positions which are obtained during the other 
portions of the day. 


The intercept method is normally used in 
obtaining a noonday fix. If the sun passes close 
to the observer’s position, within about 4°, the 
subpoint method of plotting the fix may be 
utilized. 

INTERCEPT METHOD. This method differs from 
normal procedures in that three LHA’s of the 
sun are computed, and three assumed positions 
are plotted. Due to the rapid change of the 
sun’s azimuth at or near transit this variation 
is necessary. The procedure is: 


1. Determine the time of transit. This will 
be when the LHA is 360°. 


2. By inspection, select the LHA before and 
after transit for which the change in azimuth is 
30° or more. Since 1° of LHA is equal to four 
minutes of time, the difference in transit LHA 
and the new LHA can be converted to time in 
minutes. Thus, the time preceding and following 
transit can be determined. 


3. Plot the DR positions for times determined 
in step 2. Select the appropriate assumed posi- 
tions necessary for the computation and plotting 
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of the LOP’s. The assumed position for time of 
transit will also be plotted. 


4. After observations are made, determine the 
intercepts and azimuth for each LOP. Plot these 
data from the respective assumed positions. 


5. Resolve the LOP’s to a common time, 
preferably that of the transit LOP. 


NOTE 


On a westerly to easterly heading, the 
azimuths between observations will 
change somewhat more than the 30° 
obtained from visual inspection. On an 
easterly to westerly heading, this 
change will be somewhat less. At 30° 
North latitude, the linear speed of the 
sun 1s approximately 780 knots. Thus, 
on westerly headings in high-speed air- 
craft, the DR distance involved before 
encountering a 30° change in azimuth 
will be considerable. 


SUBPOINT METHOD. When the observer is 
within approximately 4° of the subpoint of the 
body, the subpoint method of solution is 
normally used, because the radius of the circle 
of equal altitude is so small that a straight line 
does not approximate the arc, and a straight 
line will not give an accurate LOP. 

The procedure is: 


1. Plot the subpoints of the body for the time 
of the observations. 


2. Find the co-altitude of the shots and con- 
vert it to nautical miles. 


3. Advance the first subpoint and retard the 
third along the DR track, using the best known 
track and groundspeed. 


4. Using a compass or a pair of dividers, set 
the distance found from the co-altitude and 
strike it off from the resolved subpoints. Do 
this for each observation. 


5. The resulting intersection or triangle will 
give a noonday fix. If the LOP’s form a triangle, 
the aircraft’s position is probably within the 
triangle. 


i 


— =, ce 


Combinations of Sun, Moon, and Venus 


Fairly often either the moon or Venus or 
both of these bodies are visible during daylight 
hours and can be used to obtain an LOP. The 
possibility of fixes, using combination of these 
bodies and the sun, should always be considered 
when planning daylight celestial flights. When 
planning the flight, the navigator should utilize 
the ecliptic strip in the Azr Almanac to determine 
the availability of the moon and Venus. If the 
bodies are available, they can be found readily 
by precomputing their altitude and azimuth. 


When using the moon, as at night, it is wise 
to shoot the upper or lower limb and use semi- 
diameter correction rather than try to estimate 
its center, except when the moon is full. 


During the day when the sun is high, the 
moon or Venus, if they are available, can be 
used to obtain compass deviation checks. In 
polar regions during periods of continuous twi- 
light, the moon and Venus will be available if 
their declination is the same name as the latitude. 


THE LANDFALL 


Before the development of accurate methods 
of celestial navigation, a mariner had no way of 
checking his dead reckoning when he was out of 
sight of land. In crossing an ocean, he might 
accumulate a large DR error. If his destination 
were on a continent or large island, he could 
follow the coastline to destination. But if the 
coastline which he first sighted were poorly 


MAKING A LANDFALL 
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charted he might be unable to find his position. 
Then he would not know which way to turn 
to reach destination. The mariner sometimes 
solved this problem by deliberately setting a 
course to one side of his destination; then upon 
reaching the coast, he knew which way to turn. 
This procedure is known as making a landfall. 
In the illustration, the mariner purposely sails 
left of destination; then when striking the coast, 
he knows that he must turn right. 


Like the mariner, the air navigator may reach 
his destination by using some LOP which passes 
through it. This LOP may be a coastline, a 
river, a railroad, a lightline, or a radio beam. 
Usually he will simply follow the LOP; however, 
like the mariner, he may set a course definitely 
to one side so that he will know which way to 
turn when he strikes the LOP. When the 
navigator uses a visible LOP in this manner, 
he is flying a terrestrial landfall. 


To an air navigator, “‘landfall’’ means “‘celes- 
tial landfall.’’ A celestial landfall is similar to 
the terrestrial landfall except that it uses a 
celestial LOP, which is invisible. 


The celestial landfall is the most certain 
method of reaching destination when the 
navigator is unable to supplement his dead 
reckoning except with LOP’s from one celestial 
body. 


If the navigator is aiming for a small island, 
course 1S more important than groundspeed. 
If his track is correct, he will pass over the 
island sooner or later, no matter how inaccurate 
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his FTA. But if he is off course and misses the 
island completely, an accurate groundspeed is 
poor consolation. If the LOP’s were all perfect 
course lines, it would be comparatively easy to 
reach destination. 


The cut of the LOP’s depends on the direction 
of the track relative to the azimuth of the sun. 
If the navigator can set his departure time, he 
may be able to reach the vicinity of destination 
when the LOP'’s give a favorable cut, but possibly 
that will be the time of day when the azimuth 
is changing most rapidly. 


Another solution is to alter course near 
destination and approach destination from such 
a direction that the LOP’s are course lines. This 
is a landfall. In the illustration, the LOP’s were 
neither speed lines nor course lines, so the air- 
craft altered course in such a manner that the 
new course to destination was parallel to the 
LOP’s. 


In a landfall, course is of the utmost im- 
portance, and ETA is secondary. The object of 
a landfall is to correct course by means of 
celestial LOP’s so that the navigator will pass 
over destination. Essentially, he flies along an 
LOP or celestial true course line, which passes 
through destination. Thus, the celestial landfall 
is the method of using celestial LOP’s as course 
lines into destination, no matter how they cut 
the true course from departure to destination. 


The celestial landfall presents two problems. 
The first problem is to get onto a celestial true 
course to destination. In order to do so, the 
navigator must know the position of the true 
course line, he must know when he reaches it, 
and he must know when he is flying on it. The 
second problem is to fly in the right direction 
on the true course line. It would be a fatal 
mistake in mid-Pacific to turn the wrong way 
and follow the true course line away from 
destination. 


Although all landfalls work on the same 
principle, there are variations in procedure 
depending on whether the LOP’s are more nearly 
course lines, or more nearly speed lines on the 
true course. Accordingly, Jandfalls are classified 
as speed line landfalls and course line landfalls, 
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DURATION OF THE LIGHT PERIOD 


With the advent of high-speed aircraft, it 
soon became apparent that the determination of 
twilight, sunrise, sunset, and so on, would no 
longer be a simple mental calculation. For 
example, a jet bomber flying due west at 500 
knots at approximately 57° N latitude would 
encounter the same local time completely around 
the world. At this speed and latitude, the bomber 
would be equaling the apparent speed of the sun. 


If the navigator took off approximately one- 
half hour before sunset expecting to do night 
celestial navigation, he would be in for a sur- 
prise, since to him the sun would never set. 
Furthermore, if he flew faster than 500 knots at 
this latitude, the sun would appear to rise in 
the west and eventually set in the east. 


Sunrise and Sunset 


Prior to the solution of these and similar 
problems, the determination of sunrise, sunset, 
beginning of morning twilight (BMT), and end 
of evening twilight (KET) must first be con- 
sidered. These factors are necessary before the 
navigator can calculate, for example, where and 
when he will encounter darkness and its duration 
on a particular flight. 


On the P.M. side of the daily page in the Azar 
Almanac, tables are found which list the LMT 
of sunrise and the duration of morning twilight 
for sea level at various latitudes. The same is 
true for the LMT of sunset and the duration 
of evening twilight for sea level at various 
latitudes. Since these figures are LMT, they are 
true for any longitude in the world. If the given 
latitude is not one of the listed figures, it will 
be necessary to interpolate for the correct LMT 
and also for the duration of twilight. 


EXAMPLE: Find the correct LMT and duration 
of twilight for 32° N latitude on 31 August 1958. 
The P.M. side of the daily page in the Aur 
Almanac provides the following information: 


Lat Sunrise Twilight 
35° N 0531 26 minutes 
30° N 0536 24 minutes 


Interpolating the 32° N latitude, the LMT of 
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CORRECTIONS FOR HEIGHT AND DEPRESSION 


TO BE APPLIED TO TABULATED TIMES OF 


SUNRISE AND SUNSET 


Tabular duration of twilight 
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sunrise is 0534 and the duration of morning 
twilight (both figures for sea level) is 25 minutes. 


Lat Sunset Twilight 
35° N 1829 26 minutes 
30° N 1824 24 minutes 


Again interpolating, the LMT of sunset is 1827 
and the duration of evening twilight is 25 
minutes (both figures again for sea level). 


This means that the sea level figure for the 
LMT of BMT is 0509, and for EET it is 1852. 


CORRECTIONS FOR ALTITUDE. A navigator at 
altitude sees the sun earlier in the morning and 
later in the afternoon than one at sea level, so 
a correction for the height of the observer is 
necessary. This is true also for the time of the 
beginning of morning twilight and the end of 
evening twilight. 


First consider the corrections to the foregoing 
example for a given altitude of 338,500 feet. 
Enter the corrections of height table on page 
A52 of the Air Almanac (partially reproduced 





here) with the altitude, 33,500 feet, and the sea 
level duration of twilight, 26 minutes. By 
interpolating, a correction of 17 minutes is ob- 
tained which can be used to correct the sunrise 
or sunset figures (since the duration of twilight 
is 25 minutes both in the morning and in the 
evening). The LMT of sunrise at altitude is 
0517, 17 minutes earlier than 0534 as sea level, 
and the LMT of sunset is 1909, 17 minutes later 
than 1852 at sea level. 


To find the BMT or EET, the same table is 
entered with the same 25-minute sea level 
duration of twilight, but in this instance with 
the sea level depression of the sun which is 
found on page Al2 of the almanac. For 33,500 
feet the depression is 7°. Using entering argu- 
ments of 7° of depression and 25-minute sea 
level duration of twilight, a correction of 30 
minutes is obtained from the table. This figure 
is applied to the sea level sunrise or sunset 
figure to get the LMT of BMT or EET at 
altitude. In this example, the LMT of the BMT 
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at 33,500 feet is 0504, 30 minutes earlier than 
0534 at sea level, and the LMT of the EET is 
1922, 30 minutes later than 1852 at sea level. 
Notice that the duration of twilight at altitude 
is only 18 minutes as compared to 25 minutes 
at sea level. 


CONVERSION TO GMT. If the navigator de- 
sires to convert any of the above LMT’s to 
GMT’s, it 1s necessary to know the longitude 
of his position. Converting the exact longitude 
to time by using the conversion table in the Azr 
Almanac and applying this to LMT will give 
GMT. If the longitude is west, the hours and 
minutes value is added to LMT to get GMT. 
If the longitude is east, the hours and minutes 
value is subtracted from LMT to get GMT. 





LMT LMT 
+W Long —E Long 
GMT GMT 


How to compute the times for light periods 
at a specific point is now known. However, the 
aircraft does not remain at one point so the 
navigator needs additional information to de- 
termine how long the aircraft will be in daylight 
or darkness. The first thing he must know is 
how much of the earth is in darkness and how 
much is in daylight. 


Width of the Band of Darkness 


Consider the width of the band of darkness 
called night, that is the night of the 30th and 
dist of August, 1958. The LMT of EET at 
33,500 feet altitude for 32° N is 1922. The LMT 
of BMT at altitude for 32° N is 0504. Therefore, 
the band of darkness is 9 hours 42 minutes wide 
in units of time for 32° N at 33,500 feet of 
altitude. Converting this into are or longitude, 
the band is 150° of are or longitude wide. To 
obtain minutes of longitude, multiply 150° by 
60, which equals 9000 minutes of longitude. 
However, as the pole is approached, the dis- 
tance decreases (9000 xcos 32° =9000 x .848 = 
6032 nm). 


EFFECT OF SPEED. The band of darkness just’ 


discussed is not stationary on the face of the 
earth. It moves at the same speed as the ap- 
parent motion of the sun. This speed is a factor 
of both revolution and rotation. At the equator 
the sun appears to move at 902 knots, and at 
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Width of the Band of Darkness Can be Computed 


any latitude its speed varies as the cosine of the 
latitude. Hence, at 32° N the band of darkness 
is moving across the face of the earth at 902 Xcos 
32°, or 902 x .848 = 764.896 knots or 765 knots. 


Suppose a navigator were flying due east at 
500 knots, his rate of closure would be 1265 
knots. If the navigator considers his rate of 
closure with the far side of the band of darkness 
at the instant he enters it, he could easily 
compute the length of nighttime that he 
will encounter. This is a simple time, speed, and 
distance problem that can be solved on the DR 
computer. In the given example, the speed is 
1265 knots, the distance is 6032 nautical miles; 
thus, the time of darkness is found to be 4 
hours 46 minutes. If the same situation 1s 
considered but with the aircraft flying at 500 
knots due west, the rate of closure is only 
265 knots and the night lasts 22 hrs. 46 minutes. 
These are extreme cases, but the figures are 
correct. 


EFFECT OF TRACK. Up to this point only a 
track of 90° or 270° has been considered. Other 
tracks would tend to further complicate the 
problem for the following reasons: the width of 
the band varies with latitude, and the speed of 
the apparent movement of the band varies with 
latitude. To further complicate the problem, 
track and groundspeed may change _ several 
times en route to destination. It becomes readily 


apparent that a purely mathematical solution 
would be a difficult, if not an impossible task, 
for the average navigator. There is, however, a 
fairly simple graphic solution to these problems. 


Graphic Interception Construction 
PROCEDURE. 


1. Select several positions along the true 
course at convenient longitudes (latitudes if the 
course is generally north or south). The interval 
of longitude and the number of positions 
necessary will depend upon the latitude of the 
course. 


2. Compute the LMT’s of the edge of the 
light period in question for the selected long- 


itudes and their corresponding latitudes and 
flight altitudes. 


95°W 
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3. Convert the LMT’s to GMT using the 
individual longitudes. Plot a light period curve 
on graph paper using GMT' as the horizontal 
scale and longitude as the vertical scale as 
shown. The curve may change direction with 
abrupt course changes. 


4. Compute ETA’s (based on the expected 
departure time) for several points along the 
true course using the aircraft’s groundspeed. 
(Metro groundspeed will be used during pre- 
flight.) These ETA’s will be in GMT. 


5. Plot the departure longitude against the 
GMT of departure. Plot the ETA’s determined 
in step 4 against the longitude of their points. 
Connect the points with a series of straight 


lines to determine the aircraft’s progression line 
(APL). 
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6. The point where the APL intersects the 
ight period curve will give the GMT of inter- 
*eption, and the longitude at the interception 
0Int. 


7. The coordinates of the point of interception 
2an be found by plotting the longitude of inter- 
2xeption on the true course, or by a determination 
of a DR position for the time of interception. 


Up to this point the construction has been 
20ompletely accomplished on the ground using 
netro information. This has been done primarily 
‘or planning purposes. Notice that the light 
oeriod curve was constructed prior to mentioning 
the expected departure time or groundspeed. 
Therefore, an early or late takeoff does not 
affect the accuracy of the light period curve, 
and the curve can be used for the actual flight 
as well. Plot the actual departure time opposite 
the longitude of departure, and each time a fix 
is obtained, plot its longitude opposite the GMT 
of the fix. Each new point is connected to the 
previous point with a straight line. This sets up 
an actual, rather than a metro, aircraft progres- 
sion line (APL). The time and position of the 
interception of the edge of the light band can be 
estimated at any time when based on the 
atest known actual flight conditions. 


USE OF GRAPH. Keep in mind that the curve 
was constructed for the preflight course, and 
any large deviations from this course will affect 
the accuracy of the determination of the inter- 
ception. If the problem were for the determina- 
tion of darkness, two curves would be plotted — 
one for the EET and one for the BMT. The 
difference of the times of interception of these 
two phenomena will be the duration of darkness. 


For other than tactical reasons, the main 
purpose of light period prediction is to aid 
navigators in determining the navigational aids 
available at any time during a flight. Since it is 
very probable that a large portion of the work 
performed for a jet flight will be done on the 
pround, a knowledge of light period prediction 
is essential in extensive preflight planning. 


The advantages of the graph are that it is 
flexible; it can be adjusted in flight for erroneous 


7-14 


metro groundspeeds, or for an early or late 
takeoff. It also furnishes more than the min- 
imum accuracy requirements, and eliminates the 
necessity for mathematical computations and 
the use of trigonometric function tables. The 
amount of computations is the same, regardless 
of the track of the aircraft, whether it 1s straight 
or with several course changes. 


EXAMPLE. For example, suppose the navigator 
was making a flight from Hamilton AFB to 
Lowry AFB to Ellington AFB. He is to depart 
at 2300 GMT, 31 August 1958 (local date) and 
wants to know what time he will intercept 
darkness. From preflight he gets the following 
information: 


Departure: Hamilton AFB, 38°03’N, 
122°32’W 


Turning Point: Lowry AFB, 39°40’N, 
104°55’W 


Destination: Ellington AFB, 29°389’N, 
104°55’W 


Departure Time: 2800 GMT, 31 August 1958 
Flight Altitude: 40,000 feet 


Ground Speeds: 493 knots, Departure to 
(on course) 115°W (354 nm) 

449 knots, 115°W to 105°W 
(469 nm) 

449 knots, 105°W to 100°W 
(882 nm) 

425 knots, 100°W to 
Destination (890 nm) 


Local date: 31 August 1958 


Using the above information it is then neces- 
sary to solve for: 


1. The LMT and GMT for EET (at altitude) 
for departure, 38°45’N, 115°00’W; 39°39’N, 
105°00’W; 34°45’N 100°00’W. (These longitudes 
were chosen for convenience. ) 


2. The GMT that the aircraft will be at these 
positions. 


3. In doing this the following is obtained: 
LMT | GMT | Dist | GS | GMT 

Position | EET | EET | (nm) |(knots)| ETA 

38°03’N| 1906 | 0316 | 2300 

122°32’W 

38°45’N | 1907 2343 















115°00’W 
39°39’N | 1909 | 0209 | 469] 449 |004514 
105°00’W 
34°45’N| 1901 | 0141 | 382 | 449 |013861% 
100°00’W 
29°39’N | 1854 | 0114 | 390] 425 |02311% 
95°12'W 


Note in the illustration how the graph is 
constructed. From the graph the interception 
of the EET is determined to be at 0189 GMT. 
The longitude at the point of interception is 
99°45’W. Using this information and the true 
course line, the latitude of the interception point 
can then be determined. 









Remember that with modern aircraft the 
computation of periods of daylight and darkness 
is a necessity. Because the aircraft can actually 
take off and make an entire flight during a 
period of either daylight, darkness, or twilight, 
the navigator must know which it will be in 
order to plan his flight. Otherwise, he might 
plan to use celestial techniques and find that 
most of the flight actually takes place during a 
twilight period. This would necessitate replan- 
ning the flight while in the air. 


Moonrise and Moonset 


The moon, as a celestial body, can prove to 
be a help or a hindrance. If it is present in the 
night sky, it may seriously reduce the visibility 
of the other celestial bodies which are nearby. 
On the other hand, the moon is a good naviga- 
tional body and should not be overlooked as a 
fixing ald, either by itself or in combination 
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with the sun, planets, or the stars. During 
twilight periods, it may be the only celestial 
positioning means available. Finally, moonlight 
may be the final factor which will comprise the 
mission or allow it to be carried out successfully. 


The moon has two principal motions. One is 
its rotation about its own axis and the other is 
its revolution in its orbit about the earth. Both 
periods are of exactly the same length of time, 
approximately 29.5 days. In its revolution, the 
moon moves about 12.2° per day. This is 
additive to the apparent daily revolution caused 
by the earth’s own rotation and causes the 
moon to rise a little later each night. Since 12° 
is equal to 48 minutes of time, the moon will 
transit a given meridian about 48 minutes later 
on successive days. Like other celestial bodies, 
the moon appears to move in a westerly direc- 
tion, but because of the real motion involved, 
the total motion is slower. 


If the declination of the moon were to remain 
constant during a 24-hour period, this “‘lag’’ of 
48 minutes would remain constant for times of 
rising or setting. However the declination of 
the moon changes rapidly, and the 48-minute 
lag is considerably altered. In extreme cases 
when the observer’s latitude is high and the 
daily change in declination is great, the moon 
may actually rise earlier on successive days. 


On the P.M. side of the Air Almanac daily 
page is a tabulation of moonrise and moonset. 
It is arranged in exactly the same manner as 
the sunrise-sunset tabulation. There is no twi- 
light phenomenon associated with the moon. 
The time listed is the local mean time of moon- 
rise or moonset as it occurs at the Greenwich 
meridian. As the moon appears to progress 
westward, it ordinarily transits successive merid- 
lans at a local mean time later than that of the 
previous one. 


On the right-hand side of the table is a column 
labeled ‘‘Diff’’ which is one half the lag between 
successive risings or setting of the moon. By 
using this value and the observer’s longitude as 
entering arguments for the table ‘Interpolation 
of Moonrise, Moonset for Longitude,’ on page 
A54 of the Air Almanac, the LMT of the moon’s . 
rising or setting at Greenwich can be converted 
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to the LMT of the moon’s rising or setting at 
the selected longitude. No interpolation is 
necessary in the use of this table. 


Usually, it will be desired to obtain the GMT 
of the phenomenon at the selected longitude. 
Correct the LMT of the occurrence to GMT in 
the normal manner, using the ‘Conversion of 
Are to Time Table’ on page A54 of the Air 
Almanac. 


Since the values obtained are approximate, 
it is not necessary to adjust for flight altitude 
at any time. 


Sunlight and Moonlight Graphs 


Graphs in the Air Almanac provide data for 
sunrise-sunset and moonrise-moonset in high 
latitudes similar to the lower latitude informa- 
tion given on the P.M. side of the daily pages. 
In areas where the graph is difficult to read 
accurately, the phenomena themselves are not 
completely reliable. 


SUNLIGHT GRAPHS. The ‘“Semiduration of 
Sunlight” graph in the Air Almanac is entered 
with the date along the bottom and latitude 
along the right edge. Interpolation may be 
necessary. If the intersection of the latitude and 
date places the point above the graph lines, a 
condition of continuous light or continuous 
darkness exists. Directly above the point of 
intersection will be found the LMT of the sun’s 
meridian transit. To find the LMT of sunrise, 
subtract the semiduration from the given time 
of meridian transit. To get the LMT of sunset, 
add the semiduration to the time of meridian 
transit. Convert LMT to GMT by use of the 
table on page A54 of the Air Almanac. 


The “Duration of Twilight”’ graph in the Air 
Almanac is also entered with the date and 
latitude, and the value for duration of twilight 
is extracted at the intersection. The value 
found is subtracted from the sunrise to give 
the beginning of morning twilight (BMT), or 
added to the time of sunset to give the end of 
evening twilight (EET). Areas above the graph 
indicate dates and latitudes of continuous light 
or darkness. 
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There will be situations when the sun never 
actually rises above the horizon but does come 
close enough to cause twilight. In this case, 
the time given on the “‘Semiduration of Sunlight” 
graph will be the time of meridian passage, anc 
the value from the “Duration of Twilight” 
graph will be the interval from the beginning of 
morning twilight to meridian transit, or from 
meridian transit to the end of evening twilight. 
The total duration of twilight will then be 
twice the tabulated value. 


EXAMPLE: On November 16 in latitude 70° 
north, the semiduration of sunlight is about 1 
hour 50 minutes as shown. Continuing to the 
top of the graph, meridian passage is found to 
be at 1145 LMT, so the LMT of sunrise is 
0955 (1145-0150), and the LMT of sunset is 
13835 (1145+0150). 


Referring to the “Duration of Twilight” 
graph, twilight is found to exist for 1 hour 
40 minutes. Subtracting this value from the 
LMT of sunrise obtained above, the LMT of 
beginning of morning twilight is 0815 (0955 — 
0140), and adding to the LMT of sunset, the 
LMT of the end of evening twilight is 1515 
(1335+0140). 


MOONLIGHT GRAPHS. The ‘‘Semiduration of 
Moonlight” graphs in the Air Almanac give the 
same information for the moon that the “‘Semi- 
duration of Sunlight” graph gives for the sun. 
Because the declination of the moon changes 
rapidly, the ‘“‘“Semiduration of Moonlight” graphs 
are expanded four times larger than the ‘‘Semi- 
duration of Sunlight’? graphs. Therefore, the 
moonlight graphs are arranged with one graph 
for each month. Entering arguments are date 
and latitude. For accuracy, the navigator should 
interpolate between the listed dates which are 
at 0000 hours GMT to enter with the GMT of 
each phenomenon at his meridian. For general 
purposes, an approximation will do, and it can 
be easily obtained by entering with the date 
and latitude only. 


Due to the fact that the moon’s SHA changes 
much more rapidly than the sun’s SHA, the 
procedure to determine moonrise and moonset 
from the graphs will differ from finding sunrise 
and sunset. The procedure for finding the time 
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Semiduration of Moonlight 


yf moonrise and moonset when the observer is 
it high latitudes is as follows: 


1. Find the GMT of the moon's transit at the 
ocal meridian. This is done by entering the 
laily pages of the Avr Almanac for date. By 
nspection of the moon column, determine the 
ime at which the GHA of the moon equals 
vest longitude or 360° — east longitude. Inter- 
olate if necessary in “Interpolation of GHA”’ 
ables. 


2. Enter the appropriate graph interpolating 
retween the tabulated dates for the GMT of 
ransit. 


-18 


3. Apply the semiduration of moonlight to the 
GMT of transit and obtain the times of moon- 
rise and moonset. 


EXAMPLE: On 9 September 1957, at 75° north 
latitude, 90° west longitude, the GMT of the 
moon's meridian transit is 0553. The semi- 
duration of moonlight ean be found as 5 hours 
45 minutes. Note that an interpolation was 
made between the two dates, 9 September and 
10 September 1957. Moonrise will be at 0008 
(0553 —0545), and moonset will be 1188 (0553+ 
0545) GMT on 9 September 57. 








Celestial 





Precomputation 


Celestial precomputation is neither new nor 
revolutionary. Actually, the tables necessary to 
do precomputation have been available since 
1940, but the real need for precomputation was 
not present. With today’s high-speed aircraft, 
however, the picture has changed radically. By 
the methods previously discussed, it is apparent 
that a great deal of work is accomplished after 
the last celestial observation is taken. The fix 
could easily be 10 to 20 minutes old, depending 
on the speed and proficiency of the navigator, 
at the time it is plotted on the chart. At a 
600-knot groundspeed, a fix that is 15 minutes 
old is 150 miles behind the aircraft and is of 
questionable value. The need now exists to 
shorten the time between the last celestial 
observation and the final fix plotted on the chart. 


Another reason why precomputation is needed 
in high-speed aircraft lies in the very structure 
of the aircraft itself. There can be no projections 
such as an astrodome on these aircraft. The 
navigator will probably be using a periscopic 
sextant which could easily be his only means of 
viewing the heavens. With the limited field of 
vision of the sextant, the star would be extremely 
difficult to find in the optics if he did not know 
where to look. 


PRESETTING THE SEXTANT 


Precomputation greatly reduces both of the 
problems just mentioned. By completing the 
majority of the computations prior to shooting, 
which is precomputation, the time necessary to 
plot the fix after the last observation is greatly 
reduced. Also the problem of finding the star 
in the optics of the sextant is simplified. The 
procedure for finding the star is very similar to 
the heading check performed with the periscopic 
sextant, using the true bearing method. In this 
case the Zn, known beforehand, is set into the 
sextant mount, and the He, which will approx- 
imate the Hs, is set into the sextant. Now, 
instead of sighting the body and determining 
the true heading, the true heading is set under 
the vertical crosshair and the selected body is 
found very close to the crosshairs in the sextant 
field of vision. 


To avoid erroneous settings of the azimuth 
window and to increase speed in setting up the 
sextant, the relative bearing method may be 
used. In this method the azimuth window re- 
mains permanently at 360.0°, and the relative 
bearing is computed by the formula: RB =TH — 
Zn. 
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Observations Earlier than Solution Time - SIGNS AS GIVEN 
Observations Later than Solution Time - SIGNS REVERSED 


MOTION OF BODY CORRECTION FOR (4) FOUR MINUTES OF TIME 


LATITUDE 


+60 +59 +57 
60 59 57 
99 «5957 
58 57 56 
56 5654 
54 5482 
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Correction for Motion of the Body 





The body sought will be found at its computed 
altitude when its RB appears under the cross- 
hairs. 


PRECOMPUTATION TECHNIQUES 


There are many acceptable methods of pre- 
computation in general usage. However, these 
methods are basically either graphical, math- 
ematical, or a combination of graphical and 
mathematical. The method used by the prac- 
ticing navigator will largely be determined by 
the type and speed of the aircraft, and by the 
type of mission flown. 


The basic principles of solution by precompu- 
tation are the same as those earlier detailed in 
this section. Previously discussed corrections 
which are used in precomputation include 
atmospheric and dome refraction, parallax of 
the moon, sextant and personal errors, coriolis 
and rhumb line, precession and nutation, motion 
of the observer, and wander. With precomputa- 
tion, new corrections and terminology are intro- 
duced which include fix time, solution time, 
observation time, scheduled time, and motion of 
the body adjustment. 


Fix time is the time for which the LOP’s are 
resolved and plotted on the chart. Solution tume 
is the time for which the astronomical triangle 
is solved. Observation time is the midtime of the 
actual observation for each celestial body. 
Scheduled time is the time for which the astro- 
nomical triangle is solved for each LOP in the 
graphical method. Motion of the body correction 
is used to correct for the changing altitude of 
the selected bodies, and can be applied either 
graphically or mathematically. 


Motion of the Body Correction 


Motion of the body correction is applied graph- 
ically by moving the assumed position eastward 
or westward for time. This is possible because the 
GHA of Aries, and consequently the subpoint 
of the body, moves westward at the rate of 1° 
of longitude per four minutes of time. In the 
graphical method a scheduled time of observation 
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is given to each body. If shooting is off schedule, 
the following rules apply: For every minute of 
time that the shot is taken early, move the 
assumed position 15’ of longitude to the east; 
for every minute of time that the shot is taken 
late, move the assumed position 15’ of longitude 
to the west. 


When the latitude of the assumed position and 
the Zn of the body are known, the motion of 
the body can be computed mathematically. For 
one minute the formula is: 15’ xcos lat Xsin Zn. 
This correction has been computed and is 
shown in tabular form. 


If this table is not available to the navigator, 
the correction may be easily determined in 
H.O. 249. For any stationary position (the 
assumed position), the LHA increases 1° every 
four minutes of time. Thus the He in H.O. 249, 
for an LHA 1° less than the LHA used for pre- 
computation, is the He for four minutes of time 
earlier than the solution time. The difference 
between the two He’s is the value to apply to 
the He or Hs to advance or retard the LOP for 
four minutes of time. If the He decreases, the 
body is setting and the sign is minus to advance 
the LOP if the value is applied to the Hs. If 
the He increases, the body is rising and the 
sign is plus to advance the LOP if the value is 
applied to the Hs. 


The main difference between the basic 
methods of precomputation is the manner in 
which the motion of the observer and the motion 
of the body corrections are applied. In the 
graphical method, both corrections are applied 
graphically by movement of the assumed 
position or the LOP. In the mathematical 
method, both corrections are applied math- 
ematically to the He, the Hs, or the intercept 
after being obtained from tables or the H.Q. 249. 
In Volume III of this manual these two methods 
of precomputation are illustrated on forms, and 
information from them is plotted on JNU charts. 


Corrections Applied to Hc 


In some methods of precomputation, correc- 
tions are applied in advance to the He to derive 
an adjusted He (sometimes referred to as Hp). 
When using corrections which are normally 
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pplied to Hs, the signs of the corrections are 
eversed if applied to He. For example: 


Corrections Applied to Hs 










Hs 31°05’ 
Dome Refraction Correction — 06’ 
Atmosphere Refraction Correction —Ol1’ 
Sextant Correction — 05’ 










30°53’ 
30°40’ 






Intercept towards 


Corrections Applied to He 


He 30°40’ 
Dome Refraction Correction +06’ 
Atmosphere Refraction Correction +01’ 
Sextant Correction +05’ 
Adjusted He (Hp) 30°52’ 
Hs 31°05’ 
Intercept towards 13’ 


In both cases the intercept is 13’ towards. This 
xample shows that it matters lttle in which 
qanner observational errors are taken into 
ecount. As long as they are applied with the 
roper sign, the intercept remains the same. 


recomputing DR Positions 


It is often convenient to precompute prior to 
akeoff all relevant data for selected DR positions 
n route. After determining the _ shooting 
*hedule, assumed positions are chosen near the 
ietro DR positions for computation purposes. 


In flight, if the groundspeed is not as antici- 
ated, new ETA’s are obtained to the pre- 
etermined DR positions. The assumed position 
, moved 15’ of longitude per minute of time — 
ast if arrival will be earlier than planned, west 

later. If the time difference is more than 10 
nutes, use the actual rate of Aries (15.04’/ 
in) or refer to the Air Almanac. 


If the planned shooting schedule is adhered 
), NO correction is necessary to precomputed 
zimuths or motion adjustments. In plotting 


the fix, all Zn’s must be measured at the meridian 
nearest the adjusted assumed position. 


The extent to which this method can be used 
varies with latitude. At latitudes above 75°, the 
assumed positions can be adjusted for an almost 
unlimited period of time. At lower latitudes, the 
time limitation becomes greater until in tem- 
perate latitudes adjustment of the assumed 
positions for an interval greater than 15 minutes 
will introduce significant errors into the LOP’s. 


B-I| CELESTIAL (VAID) COMPUTER 


The following examples illustrate the pro- 
cedures for computing total adjustment and 
corrections for acceleration and wander errors 
on the B-II computer. The B-II is a VAID 
computer which has been modified with a special 
kit. 


Modification of Computer 


The modification of the grid side of the com- 
puter is accomplished as follows: Set 90° over 
the index. Mark the following values along the 
270° line (down from the grommet) and label 
them with the corresponding latitudes. 


Value Latitude Value Latitude 


45.0 22.5 60° 
44.4 19.2 65° 
42.3 15.3 70° 


39.0 11.7 75° 
34.5 7.8 80° 
28.8 3.9 85° 





These values represent the correction for three 
minutes of time for the motion of a body at 90° 
true azimuth at the various latitudes. The values 
for latitudes not listed may be interpolated. The 
modified grid side of the computer is illustrated. 


No modification of the slide rule side of the 
computer is necessary, but a template may be 
added that has abbreviated instructions for a 
ready reference. The computer is now ready for 
use. 
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Use for Total Adjustment 


The following example will demonstrate the 
use of the computer in precomputation. 


Fix Time 0600 GMT, 31 Aug 58 

DR Position 34°22’N, 97°57’'W 

Traek 056° 

GS 420 knots 

PA 30,000 feet 

GHAT 60°55’ 

Bodies to be observed: 

Kochab He 29°53’ Zn 342° 
Alpheratz He 56°53’ Zn 088° 
Altair He 55°23" Zn. 220" 


Read Motion of Observer % 


Adjust Arrow and Segment for 


Acceleration Correction 


1. First find the motion of the observer for 
three minutes by using the slide rule side of the 
computer; set groundspeed (420) over the black 
arrow and read motion of the observer (21) over 
the white arrow as shown. This value represents 
the motion of the observer for three minutes of 
the time when the body has a relative bearing 
of 360° or 180°. 


2. On the grid side of the computer, set the 
track (056°) over the grid index. Plot a line 
downward from the assumed latitude (384°) on 
the latitude scale equal in length to the motion 
of the observer. Place an arrowhead on the end 
of the line. This vector, shown in the illustration, 
is known as the adjust arrow. 


3. Set Zn of Kochab (842°) over grid index 
and read total adjustment (—6) under the 
arrowhead. If arrow is above the center line, the 
adjustment is minus if applied to the Ho. The 
correction is positive if the arrow is below 
the center line. The signs should be reversed if 
the observations are made after the solution 
time. Repeat the same procedure for Alpheratz 
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to find an adjustment of +55 and for Altair 
to find an adjustment of —4914. Note that 
these are total adjustments for both motion of 
the body and motion of the observer. 


Corrections for Wander and Acceleration Errors 


Correction for acceleration error may be 
computed at the same time as the total adjust- 
ment for each body. The wander correction is 
found on the slide rule side of the computer. 


EXAMPLE: During the first observation, the 
heading increased 1° (1° right turn). At the 
same time, the TAS decreased four knots. The 
length of the observation was two minutes. 
During the second observation, the heading 
decreased 2° (2° left turn) and the TAS in- 
creased six knots. This was a two-minute 
observation. The third observation was of only 
one-minute duration; the heading increased 0.6° 
and the TAS was constant. 


1. Mark off a 15-mile segment on the motion 
of the observer line on the grid side of the 
computer. This segment is ordinarily marked 
off when the line is first drawn in. 


2. Set the Zn of Kochab (842°) under the grid 
index. The vertical component of the 15-unit 
segment is the acceleration for a 10-knot increase 
in TAS for a two-minute observation. To obtain 
a correction for a change of TAS other than 10 
knots, multiply the computed value by 0.1 
change in TAS. Double the amount of the 
correction if the observation is only one minute. 
If the adjust arrow points upward, the sign of 
the correction is plus. In the case of Kochab, 
the first observation, the correction from the 
computer (illustrated) is —4. This is multiplied 
by 0.14 knots (change in TAS) to obtain a 
correction of —1.6. 
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3. The second observation, on Alpheratz, was 
a full two-minute shot. Therefore, the vertical 
component of —121% is multiplied by 0.1 x6 
knots (change in TAS) to obtain a correction of 
— 7.5. 


There is no correction for acceleration on 
the third observation since the TAS was con- 
stant. However, if the TAS had varied, the 
vertical component would have been multiplied 
by 0.1 xchange in TAS and then doubled since 
the observation lasted only one minute. 


4. Wander correction is computed on the slide 
rule side of the computer using the horizontal 
component of the entire length of the motion of 
observer line (adjust arrow). For Kochab, the 
Zn (342°) is set under the grid index, as shown, 
and the horizontal component (20.5) is read. 
This value is then set over the wander index on 
slide rule side and the correction for 1° of 
wander (8.3) is read over the arrow labeled 
“corr for 1° wander.’”’ If the adjust arrow points 
in the same direction as the turn, the wander 
correction is minus. During the observation on 
Kochab the heading increased; that is, the turn 
was to the right. The adjust arrow in this case 
points to the left — the opposite direction to the 
turn — so the correction is plus. 


5. In the same way the correction for Alpher- 
atz is found to be +4.45 per degree of wander. 
The total wander was two degrees, so the wander 
correction is +8.9. 


6. The total wander correction for the Altair 
shot is found to be —1.0. In this case the 
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observation lasted only one minute, so_ the 
wander correction must be doubled to obtain a 
final correction of —2.0. 


PRECOMPUTED WANDER CORRECTION: Wan- 
der correction may be precomputed in the 
following manner:’ 









= 


ssbb uly 


50 


yo. ! wT 





a « 


Asnrav TVLOL BANMw BaUHL 


weve © ause ©w Ouse - eanstemneeD NO @ soem ape, 













_— See at 6hcdFlUC UCU 


1. Determine amount and sign of error created 
by 1° of right wander error for each observation 
(from graph or computer). 


2. Determine amount heading should change 
during observation if flying by unslaved gyro 
reference. 


3. Note and record actual heading change to 
nearest 1/10 degree. 


4, Compare actual change with predicted 
change. 


5. Multiply the difference between steps 2 
and 3 by value found in step 1. Reverse the 
sign if the wander was to the left. 


Delete steps 2 and 4 if flying with a slaved 
reference. 


NOTE 


Heading can change as much as a de- 
gree or more during two minutes of 


shooting. This is especially true at 
higher latitudes, when traveling more 
or less east or west or at high speeds. 





Combined Motion on the D. R. Computer 


The D. R. Computer may be used to compute 
combined motion adjustments in essentially the 
same manner as the BII. The adjustment is 
usually computed for three, four, or six minute 
time intervals. The four minute interval is 
explained here. 


Use the vector side of the computer with the 
grid part of the slide. Set 90° under the index. 
Mark the following values along the 270° line, 
down from the grommet, and label them with 
corresponding latitudes. 


Value Latitude Value Latwtude 
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Modified D.R. Computer 


These values represent the adjustment for 
four minutes of time for the motion of a body 
at 90° true azimuth at the various latitudes. 
The values for latitudes not listed may be inter- 
polated. The modified grid side of the D.R. 
Computer is illustrated. 
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Plotting Motion of the Observer 
and Motion of the Body Vectors 


The following information will be used to 
lustrate subsequent steps: 


Fix time 0600 GMT, 31 Aug 58 
D. R. Position 34°22’N, 97°57'W 
Track 056° 

Groundspeed 420 knots 

Pressure Altitude 30,000 feet 

GHA T 60°55’ 


,odies to be observed: 
Kochab. HC: 29°53’ Zn 342° 
Alpheratz HC 56°53’ Zn 088° 
Altair mG. bo°23" Zi 229° 


1. Find the four minute motion of the observer 
or a body with a relative bearing of 360°. This 
; equal to the distance run in four minutes and 
aay be found on the slide rule side of the 
omputer using current groundspeed (420 knots). 
n this case, this distance is 28 nautical miles. 


2. On the vector side of the computer, set 
he true track (056°) under the index. Plot a 
ne up from the grommet the distance found in 
tep 1 (28 nautical miles). Mark the upper end 
f this line as the tail, and the end at the grom- 
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Reading Four Minute Combined Motion 


met as the head, of the motion of the observer 
vector, as illustrated. Mark the head of the 
motion of the body vector by drawing an arrow 
at the assumed latitude (34°) on the latitude 
scale, as illustrated. 


3. Set the Zn of Kochab under the index and 
move the slide until the top horizontal line of 
the grid is under whichever is uppermost: the 


head of the motion of the body vector or the tail 


of the motion of the observer vector (in this 
case, the head of the motion of the body vector). 
The vertical distance from the top horizontal 
line to the other vector end is the four minute 
combined motion adjustment. If the tail of 
the motion of the observer vector is uppermost, 
the sign is positive. If the head of the motion 
of the body vector is uppermost, the sign 1s 
negative. In this case, the four minute combined 
motion of Kochab is - 8, as illustrated. 


4. Similarly the four minute combined motion 
adjustments of Alpheratz and Altair are +73! 
and —65, respectively. 








LIMITATIONS OF PRECOMPUTATION 


Precomputational methods lose accuracy when 
the assumed position and the aircraft’s actual 
position differ by large distances. Another 
limiting factor is the difference in time between 
the scheduled and actual observation time. The 
motion of the body correction in intended to 
correct for this difference. 


The rate of change of the correction for motion 
of the body changes very slowly within 40° of 
090° and 270° true azimuth, and the observation 
can be advanced or retarded for a limited period 
of time with little or no error. When the body 
is near the observer’s meridian, the correction 
for motion of the body changes rapidly, due in 
part to the fast azimuth change, and it is not 
advisable to adjust such observations for long 
periods of time. 


Errors in altitude and azimuth creep into the 
solution if adjustments are made for too long an 
interval of time. Because of these errors, the 
navigator should try to keep his scheduled and 
actual observations times as close as possible. 


SPECIAL PLOTTING TECHNIQUES 


There are several plotting techniques which 
work especially well with celestial precomputa- 
tion, although they are not restricted to this 
type of sight reduction. The two _ primary 
plotting techniques are preplotting the Zn’s and 
plotting the fix on the DR computer or on the 
Vaid computer. 


Preplotting True Azimuths (Zn’s) 


This technique is best used when working 
on a constant scale chart and using some tech- 
nique of precomputation that will give one 
assumed position. The procedure is set up on 
the chart by plotting (prior to observations) the 
assumed position and, through this point, the 
Zn’s of the bodies. When going toward the 
body, use a solid line or a colored pencil, and 
when going away from the body use a dashed 
line or a different colored pencil. Label each 
Zn as the lst, 2nd, or 8rd as shown, or use the 
names of the stars. If desired, distances from 
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the assumed position can also be marked off. 
Suppose the corrected assumed position is 
30°40’N, 117°10’W and the following Zn’s were 
computed for the bodies: 


Ist Shot Zn =020° 
2nd Shot Zn =1385° 
8rd Shot Zn =270°. 


(The original assumed position of 31°N, 
117°08’W has been corrected for precession / 
nutation and for coriolis/rhumb line error to 
get the corrected assumed position.) 


When the first intercept is found to be 10A, 
second intercept 40A, and the third 507, the 
fix can be plotted quickly by constructing 
perpendicular lines at the correct point on the 
respective Zn line. No direction or distance 
measurement is required after shooting — only 
the intercept is needed. This greatly reduces the 
time necessary to plot the fix. Since the dashed 
part of the Zn line is the away situation, it is 
used for the first two intercepts; while the solid 
or toward situation, is used for the third inter- 
cept. 


Plotting Fix on DR or Vaid Computer 


The following examples explain the procedures 
for plotting the fix on the DR computer. The 
same results can be obtained by following like 
procedures on the grid side of the Vaid com- 
puter. This technique is especially favored by 
units flying in high-speed aircraft where plotting 
time must be kept to a minimum. It can be 
used effectively to plot a fix in any situation. 


Fix can be Plotted Quickly 
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To plot the LOPs on the DR computer, the 
square grid portion is used exclusively. The 
grommet of the DR computer is the assumed 
position and is assigned a definite value of both 
latitude and longitude. Where the same assumed 
position is used for all three shots, the co- 
ordinates of the assumed position are the 
assigned values. 


The Zn of the first shot is placed under the 
true index. If the intercept is toward, it 1s 
measured above the grommet. The LOP is then 
constructed by drawing a perpendicular through 
this point. If the intercept is away, intercept 
distance is measured below the grommet, and 
the perpendicular is constructed for the LOP. 


In a Polaris shot, 360° is placed under the 
true index and the LOP 1s plotted above the 
grommet if the latitude determined is greater 
than the assigned latitude value of the grommet, 
and below if the Polaris latitude is less than the 
assigned value of latitude. The distance above 
or below the grommet in the case of Polaris is 
the same number of nautical miles as the dif- 
ference in minutes between the latitude assigned 
to the grommet and the Polaris latitude. This 
is true because one minute of latitude is one 
nautical mile. 


The three LOP’s plotted as above constitute 
the uncorrected fix. Precession/nutation if using 
Volume I of H.O. 249 and coriolis/rhumb line 
correction is then applied to this uncorrected 
fix. The final fix is then placed vertically above 
the grommet to obtain the range and bearing 
of the fix from the grommet. This is also the 
range and bearing of the final fix from the 
latitude and longitude previously assigned to 
the grommet. The fix is plotted on the chart 
using this range and bearing from the latitude 
and longitude originally assigned to the grommet 
of the computer. 


Sample Problem 


A step-by-step procedure for a sample problem 
is given. The assumed position for two of the 
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shots (moved up to a common time) is 31°00’N, 
90°18’W; the other shot is on Polaris. The track 
is 118° and the coriolis/rhumb line correction is 
10 nautical miles to the right. Precession/ 
nutation correction is 8nm/290°. The Polaris 
shot was taken first and corrected to a latitude 
value of 31°23’N. The second shot, Sirius, has 
a Zn of 231° and an intercept of 6 away. The 
third shot was taken on Spica; the Zn is 122° 
and the intercept 21 away. 


1. Place 360° (N) under the true index and 
draw in the Polaris LOP, 23 nautical miles above 
the grommet. 


2. Place 231° under the true index and draw 
the Sirius LOP, 6 nm below the grommet (6A). 


3. Place 122° under the true index and draw 
in the Spica LOP, 21 nm below the grommet 
(21A). 


4. Place 290° under the true index and go up 
3 nautical miles from the wncorrected fix to take 
care of the precession/nutation correction. Go 
up because the values of the precession /nutation 
correction indicate that the fix is to be moved 3 
nautical miles in the direction of, or towards, 
290°. 


5. Place the track (118°) under the true index 
and go 10 nautical miles to the right from the 
position obtained in step 4. (If the coriolis/ 
rhumb line correction had been a correction left, 
the box would have been moved to the left.) 
This is the final corrected fix. Place a triangle 
about the point. 


6. Place the final fix (inside the triangle) 
above the grommet with the zero line through 
the fix and the center vertical also through the 
fix. Read the range under the grommet and the 
bearing under the true index. The range is 24 
nautical miles and the bearing is 310°. Hence 
the fix is plotted 24 nautical miles in the direction 
of 310° from 31°N, 90°18’W as shown. 
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When more than one assumed position exists, 
a slightly different procedure must be used. In 
this case all the assumed positions must be 
plotted’ on the DR computer before starting. 
Since the grommet can only be assigned one 
value of latitude and longitude, it is usually 
assigned the value of the middle assumed 
position. 


For example, all three assumed positions have 
the same latitude 36°00’N but the first is 
119°14’W, the second 119°29’W, and the third 
119°44’W. The grommet is assigned the value 
36°00’N 119°29’'W. This is done so that the 
other two assumed positions will plot on either 
side of the grommet and no one assumed position 
will be too close to the edge of the face of the 
DR computer. 


In this instance the first shot is 15’ east of the 
grommet value; the third shot is 15’ west of the 
grommet value, which is not 15 nautical miles 
at 36°N latitude. The distance in nautical miles 
between these assumed positions can be quickly 
determined in several ways. Probably the easiest 
is to take 15’ of longitude off the chart at 36°N 
and see how many nautical miles this is on the 
latitude scale as illustrated. 


Another quick way to determine the distance 
is to solve it graphically on the square grid of 
the DR computer. Place 0° (N), at the index 
and make a point 15 nautical miles to the side 
of the grommet, using the square grid as shown 
in the illustration. 


Next place the latitude, 36°, under the true 
index and read the horizontal component of the 
point to get the distance in nautical miles of 
15’ of longitude at 36°N latitude. Again the 
answer is found to be about 12 nautical miles. 
Notice in the illustration that the slide has 
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Mark to the Side of the Grommet 


An additional fast way to solve the distance 
is to use the motion of the body correction table. 
To find the length of one degree of longitude 
at any latitude, enter this table under the 
latitude using a true azimuth of 090°. At 36° 
north, the length of one degree of longitude is 
49 nautical miles. One degree equals 49 nautical 
miles, so 15’ of longitude equals 1214 nautical 
miles. 


After the distance between the assumed 
positions has been determined, plot the other 
two assumed positions, circle them, and label 
all three as to first, second, or third shot. This 
is always done with 0° (N) under the true index 
as shown. 


Then plot the first LOP above or below the 
number one assumed position rather than the 
grommet. The second LOP is plotted above or 
below the grommet which is the number two 
assumed position. The third LOP is plotted 


Plot Assumed Positions 
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Read Horizontal Component 


intercept distance below or above the number 
three assumed position. The uncorrected fix is 
corrected in the usual manner, and the range 
and bearing obtained are from 36°N 119°29’W, 
the value assigned to the grommet. 


If the intercepts are too large to handle in 
the regular manner on the DR computer, the 
problem may be solved by halving all the 
distances, including the distance between the 
assumed positions as well as the intercept 
distances. All bearings remain unchanged. Do 
not forget to also halve the precession /nutation 
and coriolis/rhumb line corrections. The final 
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distance to the fix as read on the DR computer 
is doubled to give the range. The bearing is still 
read under the true index. 


SUMMARY 


Celestial precomputation methods have been 
brought to the forefront with the advent of high- 
speed aircraft. The speeds at which aircraft now 
fly make it necessary to reduce the time between 
the last observation and the final fix. 


The periscopic sextant may be the only means 
of viewing the sky, in which case, it is necessary 
to precompute the altitude and azimuth of a 
body in order to locate it. 


There are two basic methods of precomputa- 
tion, each with many variations. The math- 
ematical solution, with assists from various types 
of computers, is favored over the graphical 
solution. 


One of the main points to remember when 
precomputing is that corrections may be applied 
to either the He, Hs, or intercept. Pay particular 
attention to the sign of the correction. In 
addition to precomputation, the speed with 
which a fix is obtained may be increased by 
using special plotting techniques. The true 
azimuths may be preplotted, or the fix may be 
plotted on the DR or Vaid computer. 


Celestial 


Curves 


The precomputed curve is a graphical repre- 
sentation of the altitude and true azimuth of a 
celestial body, for a single position or series of 
positions, over a period of time. These curves 
are divided into two principal categories, the 
stationary curve and the running curve. 


The stationary curve is a graphic representation 
of the altitude and true azimuth of a celestial 
body for one given position over a period of 
time. The stationary curve can be used for a 
sextant check or to fly a landfall over a destina- 
tion. In either case, only one position is used in 
the entire construction of the curve. 


The running curve is a graphic representation 
of the altitude and true azimuth of a celestial 
body, for a series of positions along the true 
course, for the times the navigator expects to 
be at those positions. 


The various curve techniques have one im- 
portant factor in their favor. The construction 
of the curve is accomplished on the ground. 
This allows maximum time in the air for shoot- 
ing while taking the minimum time to obtain 
results. It is entirely possible, for example, to 
take three-star fixes less than 20 minutes apart 
by using the running curve. The double Ho-He 
landfall is probably the best celestial means to 
assure arrival over a given destination. With 


Chapter 





the use of precomputed curves, aerial computa- 
tions are kept at a minimum. 


THE STATIONARY CURVE 
SEXTANT CHECK 


The stationary curve, sometimes called an 
He curve, is prepared for the exact ground 
position for selected intervals of time for the 
period of expected observation. In other words, 
if the navigator plans to shoot the sun between 
18380 GMT and 1930 GMT, he computes the 
exact He for his known position on the ground 
for the times 1830, 1840, 1850, and so on until 
1930. The curve is prepared by plotting these 
He’s against time on a large-scale piece of graph 
paper, with He values running vertically and 
time values running horizontally. When these 
points are connected with a smooth curve, the 
curve allows the navigator to see the correct 
He for any instant during the period covered. 


On the same graph paper the Ho is now plotted 
and a smooth average curve through the points 
is drawn. This curve should approximately 
parallel the He curve. The vertical distance 
between the two curves is the combined personal 
and sextant error. If the He curve is above the 
Ho curve, the sextant reading is too low (error 
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is minus) and the correction to the Hs is plus. 
On the other hand, if the He curve is below the 
Ho curve, as is the case in the graph illustrated, 
the sextant reading is too high (error is plus) 
and the correction to the Hs is minus. If trouble 
is experienced when drawing the average Hs 
curve, the error of each shot can be measured 
with dividers and the average error and cor- 
rection can be determined. In this use of the 
precomputed curve, the true azimuths are not 
plotted since they are not used. 
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THE RUNNING CURVE 


The running curve is a bit more complicated 
than the stationary curve and more work is 
involved in its preparation. Further, the running 
curve is limited in that takeoff must be made at 
approximately the scheduled time. In_ this 
method, a curve (or series of curves) based on 
DR positions along the true course is computed. 
These positions are determined by using metro 
information and the expected time of takeoff. 
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Curve of the Zn’s of the bodies 


Constructing the Curves 


The running curve is best accomplished as 
follows: 


1. Plot the true course on the chart. 


2. Using metro information and _ expected 
takeoff time, establish DR positions along true 
course for intervals of 20 minutes. For purposes 
of constructing sample curves, assume that the 
following DR positions were determined for the 
times listed. 


GMT DR Position 

0100 30°10'N, 110°00’W 
0120 30°33’N, 111°53’W 
0140 30°58'N, 113°46’W 
0200 31°22'N, 115°40’W 
0220 31°45’N, 117°34'W 
0240 32°08'N, 119°28’W 


3. Using triple interpolation, solve for the 
He and Zn for the bodies to be used for each 
of the DR positions at their given times. For 
this flight Dubhe, Procyon, and Aldebaran are 
used. 
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4. On a separate sheet of graph paper, plot 
the Zn’s for each of the selected bodies against 
the GMT of the solution. Notice in the preced- 
ing illustration that degrees of Zn are plotted 
vertically and GMT is plotted horizontally. This 
graph shows the times at which the Zn changes 
1°. For example, the time of a Zn of 034° for 
Dubhe is 0100, and the time of a Zn of 033° is 
0120. Hence, a Zn of 034° is used between 0100 
and 0110 for Dubhe and a Zn of 033° is used 
between 0110 and 0130. 


5. On another sheet of graph paper, plot the 
latitude or longitude of the DR positions against 
the time of the positions. (Whether to plot 
latitude or longitude is determined by the direc- 
tion of flight. If the course is easterly or westerly, 
longitude is plotted; if the course is northerly 
or southerly, latitude is plotted.) In this problem 
longitude is plotted because the flight is westerly. 
This graph now depicts the latitude or longitude 
of the DR positions. The assumed position for 
plotting is where the value of latitude or longi- 


9-5 


AFM 51-40 VOL I} 15 APRIL 1960 


tude taken from this graph, for the time of the 
observation, intersects the true course line. 
Notice this is true course, not track. 


6. On the same sheet, plot the values of He 
for one of the bodies against GMT, which in 
this case is Aldebaran. Connect the points to 
form the He curve for this body. If possible, use 
a different color than that used for the DR 
position curve, which will make the graph easier 
to read. 


7. On another sheet of graph paper, repeat 
the procedure for the other bodies. Use one 
color with values of altitude on the left, and a 
different color with values of altitude on the 
right. 


8. Using the graph of Zn’s previously con- 
structed, determine the limits, in time, of each 
degree of azimuth for the particular bodies. 
Mark these limits on the He curves as illustrated. 
After this has been done, the original Zn curve 
can be discarded. 


The running curve is now complete and ready 
for use. 


Using the Curves 


OBSERVATIONS 
0132 GMT Ho Dubhe 39°53’ 
0136 GMT Ho Procyon 62°23’ 
0140 GMT Ho Aldebaran 54°15’ 


From the first running curve, the assumed 
position for 0182 GMT is found to be on course 
at 118°03’W. From the running curve of Dubhe, 
the He is 39°41’ and the Zn is 032° for 0132 
GMT;; hence, the intercept is 12T. 
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From the first running curve, the assumed 
position for 0186 GMT is on course at 1138°24’W. 
From the running curve of Procyon, the He of 
Procyon is 62°81’ and the Zn is 155° at 0132 
GMT; hence, the second intercept is 8A. 


From the first running curve, the assumed 
position for 0140 GMT is found to be on course 
at 113°46’W, the He of Aldebaran is 54°25’, 
and the Zn is 255°; hence, the third intercept is 
10A. 


Each of these intercepts is plotted from its 
own assumed position with its own Zn. The 
01382 and 0186 LOP’s must be moved up to the 
fix time of 0140. This fix must then be corrected 
for coriolis/rhumb line correction. 


If the metro track and groundspeed used to 
obtain the original DR positions are close to the 
actual inflight track and groundspeed, an even 
better situation exists. In this case, plot all the 
intercepts from the assumed position for the 
0140 shot. This will plot all the LOP’s at the 
time 0140 GMT, and eliminate the need of 
moving up the first two LOP’s. The coriolis/ 
rhumb line correction is still needed in this 
latter technique. 


As shown by this sample problem, air work 
is greatly reduced and fixes can be obtained 
much more rapdily. However, takeoff time must 
be relatively close to the time for which the 
curve is computed. 


In this chapter, discussion of the stationary 
curve is limited to the construction of the curve 
and its use for checking the sextant. This 
curve can also be used in flight when employing 
a technique called landfall. 


Star 





Identification 


Since there are many stars and they all look 
very much alike, their identity is not as readily 
apparent as the sun or moon. This adds to the 
task of celestial navigation because the navigator 
must know which stars to shoot, and he must 
also know which star he is shooting. Therefore, 
he must be able to identify the principal nav- 
igational stars. 


Since the stars are relatively fixed with 
relation to each other in space, they can be 
identified by their relative position and bright- 
ness. 


To some extent, the brighter stars appear to 
be grouped in constellations in various parts of 
the sky. While each constellation is named, it 
usually requires some imagination to see any 
resemblance between the constellation and the 
objects for which they are named. 


The relative brightness of stars is called 
magnitude. The brightest star, excluding the 
sun, is Sirius, which has a magnitude of —1.6. 
Venus at greatest brilliancy is brighter than 
—4, Navigators customarily speak of all stars 
of magnitude 1.5 or brighter as of the “‘first 
magnitude,” those dimmer than first but of 2.5 
magnitude or brighter as of “second magnitude,” 
and so on. The magnitude of the stars is given 
in the star table in the back of the Azr Almanac. 


IDENTIFYING STARS 


The best way for the navigator to learn the 
important navigational stars is to have some- 
one point them out to him on a number of 
nights. When he can identify a few stars to use 
as reference points, others can be located and 
identified through the use of star charts and 
diagrams. 


Many of the navigational stars are found by 
using pointer systems. For example, if a line is 
extended northward through Merak and Dubhe 
in the Big Dipper, it points close to Polaris, the 
North Star. Or, if the curve of the handle of the 
Big Dipper is extended, it passes close to 
Arcturus and Spica. Some such systems of 
finding stars are more or less standard. 


Some other methods of identifying stars are 
by configuration in the sky, computation of 
their altitudes and azimuths, and through the 
use of the périscopic sextant and astrocompass. 
Information concerning the procedures for using 
the periscopic sextant and astrocompass is 
presented in the Advanced Instruments chapter. 


Only about one half of the navigational stars 
can be seen at one time. If an observer remains 
in north latitude, he would never see the stars 
near the South Pole. If a navigator studied the 
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Name 


Acamar 
Achernar 
Acrux 
Adhara 
Aldebaran 
Alioth 
Alkaid 

Al Nair 
Alnilam 
Alphard 
Alphecca 
Alpheratz 
Altair 
Ankaa 
Antares 
Arcturus 
Atria 
Avior 
Bellatrix 
Betelgeuse 
Canopus 
Capella 
Deneb 
Denebola 
Diphda 
Dubhe 
Elnath 
Eltanin 
Enif 
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Pronunciation 


a’ka-mar 
a’kér-nar 
a’kruks 
a-da’ra 
al-déb’a-ran 
al’i-oth 
al’kad 

Al nar 
al-ni’lam 
al’fard 
al-fék’a 
al’-fé rats 
al-tar’ 
an-ka’ 
An-ta’réz 
ark-tu’rus 
a’tri-a 
a’vi-or 
bél’-a triks 
bét’él-jiiz 
ka-no’pus 
ka-pél’a 
dén’éb 
dé-néb’é-la’ 
dif’da 
dub’e 
él-nath’ 
él-ta’nin 


én‘if 


Key to pronunciation: ate, vacation, cat, 
final, ask, comma, care, star; be, évent, pét, 


novél, readér; time, bit; bone, dbey, hot, lord; 
moon; foot; Use, tinite, sun, focus. 


Name 


Fomalhaut 
Gacrux 
Gienah 

Hadar 

Hamal 

Kaus Austrailis 
Kochab 
Markab 
Menkar 
Menkent 
Miaplacidus 
Mirfak 

Nunki 
Peacock 
Polaris 

Pollux 
Procyon 
Rasalhague 
Regulus 

Rigel 

Rigil Kentaurus 
Sabik 

Schedar 
Shaula 

Sirius 

Spica 

Suhail 

Vega 
Zubenelgenubi 





Pronunciation 


fo’mal-d6t 
ga’kruks 
je’na 

ha’dar 
ham’al 

k6s 6s-tra’lis 
ko’chab 
mar’kab 
mén’kar 
mén-ként 
mi a-plas’I-dts 
mir’fak 
nung’ké 
pe’kok 
po-]a’ris 
pol’tiks 
pro-si’on 
ras’ a log 
rég’u-lus 
ri’jél 

ri’jil kén-to’rtis 
sa’bik 
shéd’ar 
sho'la 
sir’Il-Us 
spi’ka 
soo-hal’ 
vé’ga 


sub’én-él-jén-ub’ 
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stars only in the evening, it would take about 
one half year to see all the stars visible at his 
latitude. 


Star Names 


When learning the names of stars the navigator 
should learn to pronounce them correctly. 
Several are commonly mispronounced. The list 
given here presents the preferred pronunciations. 


Star Charts 


In the back of the Azr Almanac there is a 
navigational star chart which is reproduced 
on page 10-15. The stars are shown in their 
correct positions, according to the declination 
scale at the side, and the SHA scale at the 
top. This chart gives the name of each important 
star and its magnitude. The stars of each con- 
stellation are connected by dotted lines, and the 
names of the constellations are given. Note that 
the rectangular projection causes considerable 
distortion of the relative position of certain 
stars in the polar regions. 


Beginning on page 10-6 is another series of star 
charts. These charts have comparatively little 
distortion, but no one chart shows all the stars 
visible at one time. Each of the strip charts 1s 
labeled with the month in which the central 
hour circle is overhead at 2100 LMT on the 15th 
of the month. 


Sky Diagrams 


The Sky Diagrams in the Azr Almanac show 
the appearance of the sky in various latitudes 
at different times of night. They have four 
advantages over ordinary star charts and star 
finders in that: 


1. They are ready for immediate use without 
settings or tables of any kind. 


2. The four main navigational planets and 
the moon are shown as well as the stars. 


3. True altitudes and bearings are shown 
without distortion on the diagram. 


4. The appearance of the sky for different 
latitudes 1s shown at one opening of the book, 
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so the appearance for intermediate latitudes is 
easily seen. 


Each diagram has a circular outline represent- 
ing the horizon, and a cross in the center 
representing the observer’s position as shown. 
Each diagram also has two additional circles 
representing altitudes of 380° and 60°. When 
applicable, there is a dot marking the North 
or South Pole and labeled NP or SP. Azimuth 
of the bodies is measured as on a compass rose 
with north at the top and east at the right. The 
small curved arrows on each diagram represent 
the diurnal motion in that area. The length of 
each arrow represents the motion for one hour. 


Bodies shown on the sky diagrams are the 57 
navigational stars listed in the Azr Almanac, 
the moon, and the four planets, Venus, Mars, 
Jupiter, and Saturn. 


The position of a star or planet is shown by a 
symbol, which also shows its brightness ac- 
cording to the magnitude scale given on each 
double page. The numbers of the 34 stars used 
in the Sight Reduction Tables for Air Naviga- 
tion (H.O. 249) are shown in heavier type. 
Each planet is labeled with its initial letter. 


The position of the moon is shown as a circle 
with a date in the center. It moves rapidly 
compared with the stars, and its position for the 
same time varies from night to night. Therefore, 
three or four positions are shown on the dia- 
grams and labeled with the dates of the month. 
For intermediate dates, the positions of the 
moon may be interpolated between the positions 
shown. Since the moon moves completely around 
the sky in slightly less than a month, or a little 
over 18° in a day, it is shown on a given diagram 
only for about 15 days of each month. Its 
position on the diagram each night is always 
east of its position for the previous night. After 
it disappears off the eastern edge of the diagram 
it reappears on the western edge about two 
weeks later. 


A series of diagrams is shown for each month, 
and they are designed for use in latitudes from 
30°S to 70°N. For purposes of illustration, only 
one page of diagrams is shown. For the middle 
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day of each month, these diagrams show the 
sky at six different latitudes at two-hour inter- 
vals during the night. The diagrams for the 
evening hours appear on two facing pages; those 
for the morning hours are on the following two 
pages. The diagrams illustrated are for the 
morning period. A row of diagrams is printed for 
a given latitude. The time used with sky dia- 
grams is LMT (LMT+W long=GMT, LMT — 
E long =GMT). 


An additional series of diagrams is provided 
for use in the north polar regions. Here, all 
diagrams for a given month are on two facing 
pages. On each page, the appearance of the sky at 
the North Pole is shown in the middle row of dia- 
grams. In the other two rows, latitude 70° north 
appears on opposite sides of the pole (that is, at 
longitudes differing by 180°) for the same instant 
of GMT, and hence for local times that differ by 
12 hours. On the upper row of diagrams, these 
local times are printed with inverted figures. 
Select the diagram corresponding to the local 
time, and place the page with this time right 
side up at the bottom; north will then be at 
the top. 


During the period of a month, Venus and 
Mars move considerably with respect to the 
stars. Their positions for the first and the last 
of the month are shown, with the position to 
the west being for the first of the month. 


A complete explanation, with sample prob- 
lems, is found in the back of any Air Almanac. 


Star Finder and Identifier 


The star finder is a mechanical device for 
finding approximate altitudes and azimuths of 
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all navigational stars visible from one position 
at one time. It may be used before a celestial 
mission to select the stars which will have the 
best altitudes and azimuths for shooting. It can 
also be used as an aid in identifying stars. 


IDENTIFYING PLANETS 


The planets cannot be recognized from year 
to year simply by their positions, because they 
wander across the sky, but if the observer 
watches the sky from week to week, he can 
easily recognize the planets by their positions. 


Furthermore, there are only four conspicuous 
planets, and they can easily be distinguished by 
their brightness and color. However, the mag- 
nitude of each planet varies somewhat with its 
position relative to the sun and the earth. 
Venus is easy to recognize because it is the 
brightest body in the heavens except for the 
sun and moon. Since it is an inner planet, it 
always appears close to the sun on the celestial 
sphere. Therefore, during darkness, it is only 
seen near the horizon, either -setting just after 
sunset or rising just before sunrise. It can 
sometimes be seen in daylight, too, but is hard 
to find. Jupiter is next in brightness, then 
Saturn, and Mars. Mars, the dimmest of the 
four, is still of the first magnitude and is dis- 
tinguished by its reddish color. 


On the A.M. page of the Air Almanac there 
is a diagram, called the ecliptic strip (illustrated), 
which indicates the actual and the relative 
positions of the sun, moon, planets, and four 
bright stars along the ecliptic. 
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THE POLAR REGIONS 


Prior to World War II virtually all navigation 
took place in low or intermediate latitudes. 
During the war, operations gradually pushed 
to higher latitudes, and by the time hostilities 
ceased in 1946, long-range aircraft had been 
sufficiently developed to make this last, great, 
virtually unknown area readily accessible. With- 
in a few years, operations in high latitudes in- 
volved thousands of individuals. 


Basically, navigation in polar regions does not 
differ from that of lower latitudes, but some 
differences in techniques and equipment have 
evolved because of the unique conditions en- 
countered near the poles. A knowledge of these, 
and the reasons for them, should be mastered 
by anyone who ventures into high latitudes. 


EXTENT OF POLAR REGIONS 


Various criteria have been used to define polar 
regions. Many of these have been based upon 
meteorological considerations, usually mean 
temperature, the length of the frost-free grow- 
ing season, amount of ice, or the tree line. As- 
tronomically, the limits are the polar circles. 
The polar circles are the minimum latitudes 
north and south at which the sun becomes cir- 
cumpolar. These latitudes are approximately 


63°33’ north and south (90° minus maximum 
declination of the sun). Actually, the cireum- 
polar area is extended somewhat because of 
refraction, dip, and semidiameter. Below the 
polar regions, however defined, transitional sub- 
polar regions are often defined, particularly by 
those using a meteorological basis. 


The navigator thinks of polar regions in terms 
of specialized navigation techniques and equip- 
ment. “hese depend largely upon astronomical, 
cartographic, and magnetic considerations, re- 
sulting in a poorly-defined, somewhat irregular 
boundary approximating the 70th parallel of 
latitude. Roughly, this includes the Arctic 
Ocean and the northern portions of some of the 
land masses surrounding it, and most of the 
antarctic continent. The subpolar regions may 
be considered as extending another 10° of lati- 
tude, to the southern tip of Greenland in the 
arctic, and well into the stormy seas surrounding 
Antarctica. 


POLAR GEOGRAPHY 


The two polar regions are almost exact oppo- 
sites with respect to the relative positions of 
land and water, the arctic being a central water 
area nearly surrounded by land, and the ant- 
arctic having a central land mass completely 
surrounded by water. 
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The north polar regions, or arctic 


THE ARCTIC 


The central water area of the arctic is not as 
large as an ocean, having an area slightly smaller 
than that of the United States. It consists of 
a basin with a depth of slightly more than 
16,000 feet at its deepest point, surrounded by 
a comparatively shallow continental shelf of 
varying width on which the islands of the 
Canadian archipelago are situated. The depth 
at the North Pole is 14,150 feet. Several portions 
of the Arctic Ocean are called seas, and most of 
these have their own smaller basins. A notable 
exception is the Hudson Bay, a relatively shallow 
inland sea. 


The Arctic Ocean is bordered in the western 
hemisphere by Greenland, Canada, and Alaska, 
and in the eastern hemisphere by Norway, 
Sweden, Finland (Scandinavia), and the USSR. 
Iceland, Jan Mayen, Spitsbergen, Franz Josef 
Land, and Novaya Zemlya are important islands 
in this area. There are no islands in the main 
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polar basin. Cape Morris Jesup, on the northern 
coast of Greenland, is the most northerly land 
in the world, being 380 nautical miles from the 
North Pole. Some of the land has high, rugged 
mountains with permanent icecaps, but much 
of it is low and marshy when thawed. 


Underlying, permanently frozen ground, called 
permafrost, prevents adequate drainage. Hence, 
the surface is covered with a seemingly infinite 
number of lakes and ponds and extensive areas 
of muskeg, which is soft, spongy ground with 
characteristic growths of certain types of moss 
and tufts of grass or sedge. There are large 
areas of tundra, which are low treeless plains 
with vegetation consisting of mosses, lichens, 
shrubs, willows, ete., usually with an underlying 
layer of permafrost from a few inches to hun- 
dreds of feet thick. 


The population of the arctic is small, and most 
of the smaller islands are uninhabited. The 
people are largely American Indians, Eskimos, 
Lapps, and Russians. 
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The south polar regions or antarctic 


THE ANTARCTIC 


Antarctica, the antarctic continent, is a high, 
mountainous area about twice the size of the 
United States, surrounded by a belt of notorious- 
ly stormy seas. An extensive plateau of snow and 
ice is about 10,000 feet high, and several promi- 
nent mountain ranges have peaks more than 
13,000 feet high. The height at the South Pole 
is about 9,500 feet. The average height of Ant- 
arctica is about 6,000 feet, which is higher than 
the average of any other continent. Much of 
the coast is high and rugged, and the sea in the 
large indentations is covered by tremendous ice 
shelves 500 to 1,000 feet thick. 


The antarctic has no permanent inhabitants, 
but several weather stations are maintained 
there. 


HIGH LATITUDES 


In his thinking, conventional man has lived 
in a “rectangular’’ world. Usually, he has 
thought of the north-south meridians as being 


parallel to each other, and perpendicular to the 
east-west parallels of latitude, the two forming 
the familiar Mercator graticule. Directions 
measured relative to the meridians and main- 
tained by means of a magnetic compass have 
seemed adequate. For practical purposes, a 
“straight’”’ line has been either a rhumb line or 
great circle, as convenient, which means that 
it has been a rhumb line for most purposes. 


In temperate latitudes celestial bodies rise 
in the eastern sky, climb to a relatively high 
point as they_cross the celestial meridian, and 
set in the western sky. By this process the sun 
divides the day naturally into two roughly equal 
periods of daylight and darkness, separated by 
relatively short transitional periods of twilight. 
The hour of the day is associated with this 
diurnal motion of the sun. Except at very high 
speeds, one’s own motion over the earth has an 
almost imperceptible effect upon the apparent 
motions of celestial bodies. 
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In polar regions conditions are different. Here 
the pole is a great hub from which the meridians 
radiate like spokes of a giant wheel. It is the 
center of a family of concentric circles constitut- 
ing the parallels of latitude. In this area a per- 
son can go “around the world”, in the sense 
that he crosses all meridians, in a matter of 
hours or even minutes, by following a circle of 
small diameter. The usual convention of direc- 
tion 1s quite inadequate because of the rapid 
convergence of meridians. A “straight” line 
may change direction by as much as 1° per mile 
or even faster near the pole, and the use of a 
rhumb line to represent such a “‘straight’’ line 
is unacceptable. Even visual bearings must be 
plotted as great circles if a reasonably accurate 
representation of actual conditions is to be at- 
tained. In the extreme case, two aircraft within 
sight of each other might each be north (or 
south) of the other. At the pole, longitude re- 
places direction, since all “directions” are south 
(or north). 


At the pole the stars circle the sky without 
noticeable change of altitude, half of them re- 
maining above the horizon and the other half 
staying below. The day and year coincide, the 
sun rising late in March (in the northern hemi- 
sphere), slowly spiraling to a maximum altitude 
of about 23°27’ at the solstice, spiraling back to 
the horizon six months after rising, and not re- 
appearing until the end of the 12-month period. 
It takes about 32 hours for the lower limb of 
the sun to appear after the upper limb rises, 
during which time the sun circles the sky 114 
times. Twilight lasts for several weeks. The 
moon rises and sets about once a month. Planets 
are above or below the horizon according to their 
declination, since the celestial horizon and celes- 
tial equator are the same great circle for an 
observer at the pole. 


Since the diurnal motion of celestial bodies is 
approximately parallel to the horizon in polar 
regions, the altitude may be affected more by 
one’s own motion across the earth than by the 
apparent motion of the body. An aircraft on a 
westerly course can easily keep up with or even 
overtake the sun. From an aircraft traveling 
west at about 225 knots along the parallel at 
latitude 75° north, the sun would appear sta- 
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tionary in the sky. If the aircraft follows a great 
circle instead of the parallel of latitude, the sun’s 
change of altitude will be approximately equal 
to the computed motion of the observer and the 
relative bearing of the sun will change at approxi- 
mately the same rate as the GHA. From an 
aircraft flying in polar regions during twilight, 
the sky may become brighter or darker with little 
regard for the time of day. The hour of the day 
loses its familiar significance. Time zones be- 
come ever narrower as one approaches the pole, 
where they meet. 


The long polar night is not wholly dark. The 
moon at this time remains above the horizon 
for several days near “‘full’”’ phase. Light from 
the aurora borealis in the arctic and the aurora 
australis in the antarctic is often quite bright, 
oceasionally exceeding that of the full moon. 
Even the planets and stars contribute an appre- 
ciable amount of light in this area where a snow 
cover constitutes an excellent reflecting surface. 


There is, of course, no sharp dividing line 
between these conditions and more familiar 
ones. The transition is gradual, and hence the 
difficulty in establishing a definite boundary to 
polar regions. 


POLAR WEATHER 


Polar regions have low mean annual tempera- 
tures, but the normal temperature range is 
not extreme over the oceans. At the North Pole 
the mean monthly temperature ranges from 
about —37°C in January to a little above freez- 
ing during July. The coldest temperature is 
slightly below —50°C. Colder temperatures have 
been recorded in Yellowstone National Park! 
More extreme values are recorded over land, 
both in winter and summer. At least one point 
in the Arctic Circle has experienced a tempera- 
ture of 88°C (100°F). 


THE ARCTIC 


At flight altitudes of 10,000 to 20,000 feet - 
the temperature generally remaiis between 
—20°C and —40°C the year round, but on one 
occasion a temperature of 50°C (122°F) was 
recorded at 10,000 feet over the northern Cana- 
dian coast. During winter and spring the air at 
18,000 feet ts warmer than that at the surface. 





During late July and August the freezing level 
in the arctic is generally at about 6,000 feet. 
In September it lowers somewhat, ranging be- 
tween about 2,000 and 6,000 feet, and by No- 
vember it has usually lowered to the surface, 
where it remains until the following July. 


The clouds of the arctic are usually of stratus 
type, although cumulus clouds are sometimes 
encountered over the islands. Cloudiness is 
greater in summer and fall than in winter and 
spring. Spring, and particularly April, has the 
best flying weather in the North American 
arctic; fall has the worst, both at flight altitudes 
and at terminals. Large cyclonic and anti- 
cyclonic patterns are very rare in the arctic 
with only two possible exceptions, the Baffin 
Bay low and Yukon high. Storms that do appear 
are very poorly delineated, and in fact frontal 
passages are sometimes hard to detect. Most 
clouds can be topped at 12,000 to 15,000 feet 
and this contention is borne out by the exper- 
ience of many practicing arctic navigators. The 
cloud cover is predominately of low stratus 


type. 


Ice fog sometimes forms when the tempera- 
ture is very low and the wind is light or absent. 
A type of ice fog called ice crystal haze is quite 
general over the arctic during winter and spring, 
apparently reaching its greatest proportions 
at about —20°C, and generally when the tem- 
perature at altitude is higher than on the 
ground. This particular temperature is critical 
because it is at this temperature that water 
sublimates into ice crystals. 


The haze usually lasts from one to two days 
and then gradually disappears as clouds form. 
Ice crystal haze has been observed as high as 
22,000 feet. Celestial observations are difficult 
to make through any but a very thin layer of 
this haze. Lower frequency electronic aids such 
as loran are adversely affected by ice crystal 
haze, but it has little effect on the higher fre- 
quencies used for radar. 


When air over open water is much colder 
than the water, steam rises from the surface, 
sometimes to a height of several hundred feet. 
This is called frost smoke or sea smoke. 
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A factor that is often overlooked in the fore- 
casts is the problem of blowing snow. Blowing 
snow may extend to heights of as much as 200 
or 300 feet, and may last for several days, making 
landing unsafe. 


Strong winds are rarely encountered at low 
altitudes over the Arctic Ocean. At flight alti- 
tudes the wind is generally moderate, and from 
a westerly direction. 


Turbulence is infrequent in the arctic and is 
seldom encountered in the summer unless fly- 
ing through a front or at low altitude across 
land. During late fall and winter, it is somewhat 
common over openings in sea ice. 


Visibility is usually excellent when there are 
no interfering clouds or ice crystal haze. How- 
ever, when snow obliterates surface features and 
the sky is covered with a uniform layer of cirro- 
stratus or altostratus clouds so that there are 
no shadows, the horizon disappears, and earth 
and sky blend together, forming an unbroken 
expanse of white, without features. Landmarks 
cannot be distinguished, and with complete 
lack of contrast, distance and height above 
ground are virtually impossible to estimate. This 
is ealled arctic (or antarctic) whiteout. It is 
particularly prevalent in northern Alaska dur- 
ing the late winter and spring and presents a 
real hazard to low-flying aircraft. 


Forecasts are not as reliable and complete 
as might be desired, for relatively few synoptic 
reports are available, and experience in these 
areas 1s not as extensive as elsewhere. The im- 
portance of information on surface conditions 
at destination has been mentioned. The possi- 
bility of encountering high clouds or ice crystal 
haze is important to the navigator of an aircraft 
that cannot climb above the layer obscuring 
his view of the sky, particularly in an area 
where celestial bodies are the primary means of 
determining position and the only means of 
determining or checking direction. The position 
of the freezing level is important to aircraft 
that must fly through it; this is nearly always 
the case when a flight originates at a point 
where the temperature at the ground is above 
freezing. Because of the lack of adequate facili- 
ties for forecasting the weather, pilots and navi- 


11-5 


AFM 51-40 VOL Il 15 APRIL 1960 


gators operating in polar regions must often 
make their own analyses or supplement those 
received. This is particularly true where opera- 
tions are conducted from an isolated base not 
having a forecaster. 


THE ANTARCTIC 


In the antarctic, the high, central land mass 
surrounded by water, virtually the reverse of 
the arctic, results in weather quite different 
from that of the north polar regions. A perma- 
nent, shallow high-pressure area remains close 
to the South Pole. This is surrounded by a low- 
pressure belt skirting the edge of the pack ice 
along the northern edge of the continent. The 
upper air descends over the continent, where it 
becomes intensely cold and moves outward and 
downward toward the sea, arriving as south- 
easterly winds due to the rotation of the earth. 
The winds remain strong throughout the year, 
frequently attaining hurricane speeds, and some- 
times reaching speeds of 100 to 200 knots at 
the surface. These are the strongest surface 
winds encountered anywhere in the world, with 
the possible exception of those in well-developed 
tropical cyclones. They carry great quantities 
of blowing snow into the ocean. Local winds, 
sometimes of great speed and small extent, 
produce local variations in the general circula- 
tion. Along the coast the winds are extremely 
variable. 


Blizzards lasting from a few hours to several 
days are very common during the southern au- 
tumn and winter but are rare during the summer 
months of November, December, and January. 
They usually do not extend far out to sea. 


Rain is common along the Palmer Peninsula, 
and it occasionally falls along some of the more 
northerly parts of the coast, but nearly all of 
the precipitation in Antarctica is in the form of 
dry, powdery snow. Average annual precipita- 
tion probably does not exceed 5 to 10 inches of 
water, but reliable measurement is difficult be- 
cause strong winds and great quantities of blow- 
ing snow usually accompany the falling snow. 
Relatively little of the whirling, almost hori- 
zontally moving snow settles in a snow gage, 
and it is difficult to estimate what portion has 
been picked up from the surface. The snowfall 
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inland is apparently much greater than would be 
anticipated from the permanent, high pressure 
and the cold, dry air, considering the evapora- 
tion from the permanent icecap over Antarctica 
and the large amounts of ice and snow dissi- 
pated into the ocean. 


The coastal regions have long periods of 
cloudless skies during the antarctic summer and 
frequent cloudless periods during the winter. 
In the spring and fall the sky is usually overcast, 
the predominant types being stratus, strato- 
cumulus, altostratus, and altocumulus. Inland, 
the skies are believed to be generally clear, 
but little information is available on the weather 
of interior Antarctica. Fog is frequent in the 
region of icebergs and pack ice along the coast. 
Antarctic sea smoke is common when very cold 
air 1s Over open water. 


In the absence of blowing snow, fog, or sea 
smoke, and nearly always at flight altitude, the 
visibility is remarkably good, resulting in low 
estimates of distance. 


The temperature in Antarctica is character- 
istically low. Only in a few places, particularly 
on the western side of the Palmer Peninsula, 
have temperatures above freezing been recorded. 
Winter temperatures along the coast are very 
low, varying somewhat with the latitude, but 
depending principally upon the frequency of 
southerly blizzards and the moderating effect 
of nearly open water. Very little is known of 
winter temperatures in the interior, but this is 
probably the coldest part of the world, lacking 
the moderating influence of water, and being at 
a considerable height above sea level. Certainly 
the wind-chill factor is extreme. The few tem- 
perature readings taken at some distance back 
from the shore indicate a rapid temperature 
gradient. Temperatures have been recorded at 
Little America as low as —75°F. At a point 94 
miles south a temperature of —83°F has been 
recorded. 


Enough local knowledge has been gained to 
permit forecasts which are often quite accurate 
in some areas, despite the lack of synoptic in- 
formation from many reporting stations. A 
knowledge of local conditions is useful to any- 
one operating in the antarctic. 











SUMMARY 


The more prominent characteristic features 
associated with large portions of the polar regions 
may be summarized as follows: 


1. High latitude. 
2. Rapid convergence of meridians. 


3. Nearly horizontal diurnal motion of celes- 
tial bodies. 


4. Long periods of daylight, twilight, and 
semidarkness. 


5. Low mean temperatures. 


6. Short, cool summers and long, cold 
winters. 


7. High wind-chill factor. 
8. Low evaporation rate. 
9. Scant precipitation. 
10. Dry air (low absolute humidity). 
11. Excellent sound transmitting conditions. 
12. Periods of excellent visibility. 
138. Extensive fog and clouds. 
14. Large number and variety of mirages. 
15. Extreme refraction and false horizons. 


16. Winter freezing of rivers, lakes, and part 
of the sea. 


17. Areas of permanent land and sea ice. 
18. Areas of permanently frozen ground. 
19. Large areas of tundra (arctic). 


20. Large areas of poor drainage, with many 
lakes and ponds (arctic). 


21. Large areas of muskeg (marshy soil with 
grass, when thawed) (arctic). 


22. Auroral activity. 


23. Large areas of low horizontal intensity of 
earth’s magnetic field. 


24. Intense magnetic storms. 

25. Uncertain radio wave propagation. 
26. Strong winds (antarctic). 

27. Frequent blizzards (antarctic). 


28. Large quantities of blowing snow. 
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MAPS AND CHARTS 


Projections 


The various projections used for polar navi- 
gation are explained and discussed in the chap- 
ter on maps and charts. 


In the immediate vicinity of the pole, all 
polar projections are about equally suitable, 
but as the distance from the pole increases, their 
distinctive features become apparent. It is de- 
sirable to have a single projection for all charts 
from the pole to areas covered by charts on 
projections suitable for intermediate latitudes, 
but since no single projection fully meets all of 
the requirements, no one is clearly superior to 
all the others. For this reason, several different 
projections are in use, the most common being 
the transverse Mercator, the polar stereographic, 
and the modified Lambert conformal. These all 
provide suitable charts, but may be contrasted 
as to the principal requirements, as follows: 


Conformity. It is desirable that angles be 
correctly represented, so that directions can be 
plotted without annoying corrections. The 
transverse Mercator and the polar stereographic 
projections are completely conformal. The modi- 
fied Lambert conformal projection is not strictly 
conformal but the error is too small to be of 
concern to the navigator. 


Great Circle Representation. It is desirable that 
great circles be represented by straight lines, 
since great circles, not rhumb lines, are of pri- 
mary concern to the polar navigator. On all 
three projections a great circle is very nearly, 
but not exactly, a straight line, except in special 
cases. 


Scale Variation. In polar regions, as elsewhere, 
it is desirable to have a constant scale over an 
entire chart. Of the three projections, the modi- 
fied Lambert conformal is of more uniform scale 
out to about 65° to 70° latitude, but its superi- 
ority in this respect is not great. 


Meridian Representation. Straight meridians 
are desirable for plotting and for grid naviga- 
tion. The stereographic and modified Lambert 
conformal projections have straight meridians; 
those on the transverse Mercator are slightly 
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urved, but not to a troublesome amount out to 
atitude 65° to 70°. 


Limits of Utility. It is desirable that the pro- 
ection be suitable at such distance from the 
ole as to provide adequate overlap with charts 
f lower latitudes. All three provide suitable 
verlap, but the modified Lambert conformal 
loes so with least distortion. 


Of the three projections, the navigator is 
nost familiar with the modified Lambert con- 
ormal since it is quite similar to the Lambert 
‘conformal in lower latitudes. However, this 
yrojection and the polar stereographic are so 
early identical in appearance and character- 
stics that either can logically be considered 
he polar equivalent of the Lambert conformal 
yrojection extensively used in lower latitudes. 
[The transverse Mercator projection is perhaps 
nore familiar to the navigator accustomed to 
ising Mercator charts in lower latitudes and 
{ten is preferred by them. 


A fourth chart, the polar gnomonic, is used 
or planning purposes only. On the gnomonic, 
1 great circle is a straight line, which makes 
his projection useful for long range flight plan- 
1ing. However, the polar gnomonic is not con- 
ormal except in a very small area near the 
ole, and therefore, it should not be used for 
ylotting purposes. The gnomonic projection is 
ilso used on the twilight computer. 


imitations 


Since suitable projections for polar charts 
1ave been developed and tested, the high lati- 
ude navigator is more concerned with another 
spect of his charts — accuracy. The graticule 
yf latitude and longitude lines can be as pre- 
isely drawn in polar regions as elsewhere. There- 
ore, polar charts are entirely adequate as 
ylotting sheets for dead reckoning and celestial 
1avigation. For map-reading, however, they are 
10t always of the accustomed standard. 


Surveys of the North American arctic are 
yrogressing steadily, so that charts of these 
reas are continually being improved. For those 
egions where surveys have not been made or 
ire incomplete, the charts reflect the lack of 
vailable information. Relatively few details 
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are given, and much of the information shown is 
unreliable. In areas not visited by man — or 
where no record of a visit is available — detail 
is totally lacking. Flying through an over- 
cast in such an area is hazardous, particularly 
in Antarctica, for mountain peaks of great 
height might be encountered without warning. 
In general, the reliability of a chart can be 
judged by the amount of detail it shows. How- 
ever, a person planning operations in high 
latitudes would do well to consult the govern- 
ment charting agencies (particularly the USAF 
Aeronautical Chart and Information Center or 
the U. S. Navy Hydrographic Office) for the 
latest information available, possibly not yet 
shown on the charts, before proceeding to the 
area of operations. 


In general, coverage of polar areas is ade- 
quate, particularly in the arctic. The latest 
editions of the chart catalogs indicate the charts 
available. 


GRID DIRECTIONS 
Polar Grid 


The rapid convergence of meridians in the 
polar regions makes it difficult to use true north 
as the directional reference. Steering a constant 
true course (rhumb line) will result in an ex- 
tremely curved path which is far from the most 
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Arrows indicate direction of grid north 


direct route even for relatively short distances. 
On the other hand, to steer a straight line or 
great circle course using true north as the di- 
rectional reference is very difficult in the polar 
regions, due to the rapid change of true direc- 
tion of a straight line or great circle. Also, 
plotting courses, bearings, and LOP’s relative 
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to true north in polar regions is confusing and 
likely to produce errors. 


To avoid these inconveniences, an alternate 
directional reference system is adopted in the 
polar regions. Polar charts are overprinted with 
a series of parallel straight lines called a grid. 
One direction along these lines is designated 
grid north; the reciprocal direction is grid south. 


To avoid confusion, arrows denoting grid north 
are placed at intervals along the lines. All di- 
rections are expressed as grid directions, measured 
clockwise through 360° from grid north, and are 
plotted on the chart using the parallel straight 
lines of the grid as meridians. Another series of 
parallel straight lines is printed on the chart 
perpendicular to the grid north lines for con- 
venience in measuring certain angles. 


Grid directions are constant all over the chart. 
A straight line on the chart makes the same 
angle with all grid lines, and therefore, has a 
constant grid direction, regardless of the change 
in true direction. This is shown in the illustra- 
tion, where the true course of the route changes 
from 060° to 120°, while the grid direction is 
everywhere the same, 225°. 


In the USAF grid system, the grid north lines 
are printed on the chart parallel to the Green- 
wich meridian, and the direction of true north 
along the Greenwich meridian is designated as 
the direction of grid north all over the chart. 
On polar charts, the grid lines are also parallel 
to the 180° meridian, but along this meridian, 
grid north is in the direction of true south. The 
grid orientation is shown in the accompanying 
diagrams. Any line that appears parallel to the 
grid line along the Greenwich meridian on a 
given chart is also the direction of grid north. 
These grid lines are not necessarily parallel to 
the Greenwich meridian when properly repre- 
sented on the earth. 


The nature of these lines on the earth depends 
upon the chart projection. For the transverse 
Mercator, they are great circles which meet at 
the equator at longitudes 0° and 180°. For the 
polar stereographic, they are approximate small 
circles, approaching great circles in the polar 
regions. Because of their use as a direction refer- 
ence, grid lines are sometimes considered fic- 
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titious meridians or grid meridians. On the 
transverse Mercator projection, the grid lines 
are the “meridians” of the projection, along 
which fictitious latitude can be measured or 
used as a nautical mile scale. A series of lines 
perpendicular to the fictitious meridians are 
shown as fictitious parallels on the transverse 
Mercator projection. 


Construction of Grid Overlay 


To construct a grid when the Greenwich 
meridian is not on the chart, measure an angle 
equal to the value of the west longitude counter- 
clockwise (CCW) from the particular meridian, 
or an angle equal to the degrees of east longitude 
clockwise (CW) from the meridian (see cap- 
tioned diagrams). 


Using another method, the grid may be con- 
structed by using the knowledge that the angle 
any meridian on the polar map makes with the 
Greenwich meridian is equal to its longitude 
and the meridian crosses the grid lines at the 
same angle that it makes with the Greenwich 
meridian. For instance, the 160th meridian 
crosses the Greenwich meridian and the lines 
of the grid at an angle of 160°. 


To plot grid lines in the western hemisphere, 
select a convenient meridian to use as a plotting 
reference, and construct grid lines which cross 
that meridian with a true direction of 360° — 
west longitude; in the eastern hemisphere, plot 
lines with a true direction equal to east longi- 
tude. Because of the construction of the plotter, 
it is possible to construct the grid in the western 


40W 30W 20W 





hemisphere by turning the plotter upside down 
and turning it to the same angle as the merid- 
ian. Thus, no supplementary angle need be 
computed in either case, since the plotter 
measures the correct angle in east longitude 
and, inverted, measures the correct angle in 
west longitude (see Procedure for Drawing 
Grid Innes). 


The relationship of these longitudes to grid 
direction gives rise to a basic formula for the 
conversion of true direction to grid direction. 
This is a general formula, applicable to any di- 
rection, whether it be true course, true heading, 
true azimuth, true bearing, etc. When working 
in a grid system, it is usually a good rule to 
convert all true directions to grid direction. 
Most errors in grid navigation arise from a failure 
to observe this simple rule. The interconversion 
of grid to true direction is stated as: 


Grid direction = True direction + West longitude 
Grid direction = True direction — East longitude 
True direction =Grid direction — West longitude 
True direction = Grid direction + East longitude 


When in the south polar area, the signs of 
longitude in these formulas are reversed. 


Effect of Convergence Angle 


The convergence factor of the meridians on 
a polar stereographic or modified Lambert 
conformal chart is 1.0. On the transverse Mer- 
eator, the convergence factor is 1.0 at the poles, 
and can be considered 1.0 over the area covered 
by the chart with negligible error. This means 
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Overlaying grid if 0°-180° is not on chart 
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Procedure for drawing grid lines 


that the true direction of a straight line on a 
chart changes 1° for each 1° of longitude it 
crosses. If this relationship holds, the formulas 
given hold true. 


Sometimes grid lines are constructed on charts 
of lower latitudes, where the convergence factor 
is less than 1.0. If these are shown as straight 
lines parallel to the Greenwich meridian (the 
usual method), the true-to-grid interconver- 
sion formulas can be used if each longitude 
is multipled by the constant of the cone (assum- 
ing a conic projection). The resulting value is the 
convergence angle for that particular meridian, 
and these values are usually tabulated and listed 
on subpolar charts which are overprinted with 
a grid system. The illustration shows the place- 
ment of the grid overlay which necessitates this 
change. 


Long. Conv. Long. Conv. Long. Conv. Long. Conv. 
89°—69°54’ 94°—73°49’ 99°—77°45' 104°—81°41’ 
90°—70°41' 95°—74°36’ 100°—78°32’ 105°—82°28’ 
91°—71°28’ 96°—75°24’ 101°—79°19’ 106°—83°15’ 


92°—72°15' 97°—76°l1’ 102°—80°06’ 107°—84°02’ 
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In order to intereconvert true directions and 
grid directions, the formulas given previously 
must be modified as follows: 


Grid direction = True direction + West longitude 
convergence angle 


Grid direction = True direction — East longitude 
convergence angle 


A sample convergence table for a Lambert 
conformal projection with a constant of the cone 
of .78535 is given here. Its use is illustrated in 
the example. 


Example: Convert the following true direc- 
tions to grid directions, using convergence 
table. 


True Convergence Grid 
Direction Longitude Angle Direction 
150° 89°W 69°54’ 219°54’ 
331° 97°W 16-11/ 53°11’ 










LESS THAN 90° 
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oO 
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360° on unfurled cone is less than 360° on a plane 


Long. Conv. Long. Conv. Long. Conv. Long. Conv. 


109°—85°36’ 114°—89°32’ 119°—93°27’ 124°— 97°23’ 
110°—86°23’ 115°—90°19’ 120°—94°15’ 125°— 98°10’ 
111°—87°10’ §=116°—91°06' = 121°—95°02’ 126°— 98°57’ 
112°—87°58’ 117°—91°53’ 122°—95°49’ § 127°— 99°44’ 





93°—73°02' 98°—76°58’ 103°—80°53’ 108°—84°49’ 


113°—88°45’ 118°—92°40’ 123°—96°36’ 128°—100°32’ 


Convergence angle fable 
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Transition from Subpolar to Polar Charts 


Since the placement of meridians and the 
orientation of the grid on conic projections 
are different from those on polar projections, 
maps of adjacent areas will not fit together 
when the two maps employ different types of 
projections. Since there are many routes that 
cannot be flown using only one chart, the navi- 
gator must be able to go from one projection 
to another with a minimum of difficulty. 


The nonmatching characteristics of different 
projections have been minimized by the ‘‘over- 
lapping’ feature of the JN chart series. This 
permits an approximate matching of different 
projections .lower latitude JN charts are conic 
projections. while the polar charts are transverse 
Mercators . so that straight line routes may be 
drawn from points on one projection to points 
on another with fair accuracy. In the absence 
oO: the “overlapping” feature, the navigator 
must plot his route on a gnomonic route, select 
& point along the route which is common to 
both projections. and connect this point with 
“he route terminals on the respective projections. 


Om a route which requires the use of different 
pro7ections. the grid course of that section of the 
route on one projection will be different from 
ine grid course of the rest of the route on the 

inex projection. This problem is solved by 
selecting a point on the route common to 
bozh provections. and dividing the route into 
legs terminating at that point. Each leg is then 
panned and flown with reference to the grid 

rife chart on which it is plotted. Inflight transi- 
Ton rom one chart to the other is accomplished 
in the following sequence: 


1. Before transition. use only the grid and 
convergence angle of the first chart. When ap- 
proecnhing the point of transition. find the true 
airection of the current grid track and grid 
wind. using the convergence angle of the first 
enarz at the meridian of the point of transition. 


2. Convert this true track and true wind back 


to gra. using the convergence angle of the second 
chart a2 ihe Meridian of the point of transition. 
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The operation of converting the grid course 
on one chart to the grid course on the other 
chart is merely paper work. The different 


grid courses do not mean that the aircraft 
has changed heading, but merely that the 
directional reference has changed. 





3. Compare the resultant grid track with the 
grid course to be made good on the second chart, 
altering heading if necessary. After transition, 
use the grid and convergence angle of the second 
chart for the remainder of the route or until it 
is necessary to transfer to another projection. 


Grivation 


A magnetic compass indicates the direction 
of the magnetic lines of force at the compass. 
The difference between this direction and true 
north is called variation (V) and is used to inter- 
convert true and magnetic directions. The 
difference between the direction of the mag- 
netic lines of force and grid north is called 
grivation (GV). The illustration shows graphic- 
ally the relationship between Grid North, Mag- 
netic North, and True North. 





Grivation is angle between 
magnetic north and grid north 





=> Ae 





Grivation is used operationally (1) to facili- 
tate the use of a grid reference with a magnetic 
compass, and (2) to find a departure magnetic 
heading just prior to unslaving the compass. 


In arriving at a magnetic heading, variation 
is applied to true heading (equation 1). From the 
formula for converting true direction to grid 
direction, true heading may be found by sub- 
tracting west longitude (or convergence angle) 
from the grid heading (equation 2). With these 
two formulas magnetic heading is equal to grid 
heading minus west longitude (or convergence 
angle) or plus east longitude (or convergence 
angle) plus variation (equation 3). The latter 
portion of this formula is equal to grivation, 
the difference between the direction of magnetic 
north and grid north (equation 4). Thus mag- 
netic heading is found by applying grivation 
to grid heading (equation 5). 


1. MH= TH +variation. 


2. TH=GH —W. long. (or convergence angle) 
or GH+E. long. (or convergence angle) 


3. MH = GH — W. long. (or convergence 
angle) + variation 
or GH+E. long. (or convergence angle) 
+ variation 


4. GV =variation—W. long. (or convergence 
angle) 
or variation +E. long. (or convergence 
angle) 


5. MH =GH+GV 


Example: A navigator at 34°00/N, 114°00’W, 
wishes to convert a grid heading of 060° to mag- 
netic heading. He is using a JN-44 (constant of 
the cone .78535), and the variation is 1414E. 
Find GV and magnetic heading. 


GYRO ROTOR 


NEW ALIGNMENT — 7 
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From the table illustrated, the convergence 
angle for 114° west longitude is found to be 
8914°. 

GV =—W. longitude convergence angle—E. 

variation 


GV = —8914°-1414° = —104° 


MH =GH+GV =060° — 104° = 420° — 104° = 
316° 


When determining the magnetic heading of a 
desired grid heading, local grivation at the point 
of departure should be used, not average griva- 
tion for the leg. 


Precession 


The primary reason for using the gyro as a 
directional reference in the polar latitudes is 
the unreliability of the magnetic compass. As 
the strength of the horizontal components 
of the earth’s magnetic field becomes too weak 
to provide a satisfactory signal, the magnetic 
compass becomes too erratic for accurate navi- 
gation. But even in the so-called subpolar or 
temperate regions, gyros are fast becoming 
popular as steering devices because of their 
stability and independence from magnetic in- 
fluence. An understanding of gyro behavior is 
therefore essential knowledge for the practicing 
navigator. 


When the gyro is used as a steering instru- 
ment it is not universally mounted but is re- 
stricted so that the spin axis always remains 
horizontal or tangential to the surface of the 
earth. Thus, its spin axis is free to turn only in 
a horizontal plane and is affected only by preces- 
sional forces that cause deviation in this plane. 
Precession then refers to the tendency of the 
gyro to stray from its initial horizontal align- 
ment as illustrated. 
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Precession angle of spin axis 
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There are several types of precession that the 
avigator must understand, namely: 


1. Real precession. 


2. Apparent precession, including: 
a. Earth rate, 
b. Earth transport, and 


ce. Grid transport. 


These will first be discussed individually in 
1e above sequence and then collectively as 
1ey affect an aircraft in flight. 


‘EAL PRECESSION 


If a perfectly constructed, rapidly spinning 
yro is placed in space with its spin axis pointed 
t a star, it will continue to point at that star 
idefinitely unless the gyro is acted on by tilt- 
1g forces from an external source. However, if 
he gyro is not perfect, it will not maintain a 
onstant alignment in space, and the axis will 
rift away from the star. This drift is called 
eal precession, and it is caused mainly by 
wo things: friction in the gyro gimbal bearings, 
nd dynamic unbalance. Only superior design 
nd quality control during manufacture can 
educe real precession. An indirect contributor 
o real precession, however, is a fluctuation in 
he power supply to the spin motor of the gyro. 
secause of its small size, the gyro rotor must 
pin at high speed to retain rigidity. Any de- 
rease in speed will lessen this rigidity and make 
he instrument more prone to precessional ef- 
cts. However, with present day power sources, 
his rarely happens. 


The gyros in use today have been perfected to 
he point where real precession is of minor con- 
ern. For example, the gyro in the N-1 compass 
ystem has a real precession rate of less than 
° per hour. 


\PPARENT PRECESSION 


Apparent precession is caused by the fact 
hat we navigate over a rotating globe using a 
eference system of converging meridians which 
; difficult to portray correctly on a map. Each 
f the three types of apparent precession are dis- 
ussed separately below. 


1-14 


EARTH RATE PRECESSION 


Earth rate precession is apparent motion of a 
gyro spin axis caused by the fact that, while 
the spin axis tends to maintain a rigid align- 
ment in space, the surrounding terrestrial. direc- 
tions change in relation to space due to the rota- 
tion of the earth. To an observer on the earth, 
an unrestricted gyro spin axis appears to go 
through a conical motion, completing its cycle 
once a day, as it keeps pointing at the same spot 
in the sky while the sky appears to turn around 
the earth on an axis through the celestial poles. 
Thus, the gyro spin axis does not maintain a 
constant terrestrial direction and, without com- 
pensation, this may detract from its utility as a 
steering instrument. 


Earth rate precession is divided into two 
components. The tendency of the spin axis to 
tilt up or down from the horizontal plane of 
the observer is called the vertical component. 
The tendency of the spin axis to drift around 
laterally; i.e., to change in azimuth, is called the 
horizontal component. The maximum rate of 
either component of earth rate precession 1s 
equal to the rate of the earth’s rotation; 1.e., 
360° /sidereal day, or 15.04°/hour. For practical 
purposes, this is taken as 15°/hour. The actual 
rate depends on the latitude at which the gyro 
is positioned on the earth and the direction 
in which the spin axis is pointing. 


COMPUTATION 


The computation of earth rate precession is 
essentially a problem in celestial, since the gyro 
maintains alignment with a point in the appar- 
ently rotating sky. For example, if the spin axis 
points at a star, it will continue to point at that 
star indefinitely if there is no precession or no 
restriction on the gyro. The tilt of the spin axis 
above the horizontal is equal to the altitude of 
the star, and the direction of the spin axis in 
azimuth is equal to the Zn of the star. 


The rate at which the tilt of the spin axis 
above the horizontal changes (vertical com- 
ponent of earth rate) is equal to the change of 
altitude of the star, and may be found from the 
formula for “‘motion of the body”’: 


Vertical component of earth rate=15°/hr 
cos lat Xsin Zn. 





This is of little concern to the navigator be- 
cause, in a steering gyro, the vertical component 
of precession is mechanically eliminated, and 
the spin axis remains horizontal. 


The apparent change in azimuth of the gyro 
axis (horizontal component of earth rate) is 
equal to the change of azimuth of the star at 
which the spin axis points, and may be found 
from the following formula: 


Horizontal component of earth rate = 
15°/hr Xsin lat — (sin Dec XSin Alt) 
cos, Alt 
where: Lat =latitude at position of the gyro 


Dec = declination of spot in the sky at 
which the spin axis points 

Alt=tilt of the spin axis above the 
horizontal, or the celestial altitude of the 
spot in the sky at which the spin axis 
points. 


When the spin axis is horizontal, the tilt is 
0°. Since the sine of 0° is zero and the cosine of 
0° is one, the formula for the horizontal compon- 
ent of earth rate when the spin axis is hori- 
zontal becomes simply: 


Horizontal component of earth rate = 
15°/hr Xsin lat. 


\ = EARTH RATE 
PRECESSION 


(ae MAN 
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The horizontal component of earth rate at 
the poles is 15°/hour. The rate decreases steadily 
with latitude, until at the equator it is zero. 


As pointed out above, the spin axis of a steer- 
ing gyro is always horizontal. Therefore, with 
a steering gyro, the horizontal component of 
earth rate is always 15°/hr x sine latitude. In 
the Northern Hemisphere it is clockwise, or to 
the right; in the Southern Hemisphere it is coun- 
terclockwise, or to the left. 


For example, at 30°N, the sine of latitude is 
0.5. The horizontal component of earth rate is, 
therefore, 15°/hour right X —0.5 or 71°/hour 
right at 30°N. 

Generally, when earth rate is mentioned, it is 
the horizontal component which is referred to, 
since the vertical component is of little concern 
to the navigator. 


EFFECT 


Obviously, if the gyro is precessing relative 
to the steering datum of grid or true north, an 
aircraft steered by the gyro will be led off head- 
ing steadily at the same rate. To compensate 
for this precession, an artificial real precession 
is induced in the gyro to counteract the earth 
rate. At 30° north latitude earth rate precession 









\ 






Earth rate precession angle 
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is equal to 15°xsin lat (.5)=15x.5 or 7.5° 
per hour to the right. 


Hence, if at 30° north latitude a real preces- 
sion of 7.5° left per hour is induced in the gyro, 
it will exactly balance and offset earth rate effect. 
In ordinary gyros a weight is used to produce 
this effect, but since it is fixed, the correction 
is good for only one latitude. The latitude 
chosen is normally the mean latitude of the area 
in which the aircraft will operate. With more 
expensive gyros, such as that of the N-1 compass 
system, a latitude setting knob is provided with 
which the navigator may adjust for the earth 
rate corrections. 


Earth Transport Precession 


Earth transport precession is a phenomenon 
of no direct concern to the grid navigator. How- 
ever, it does help to introduce grid transport 
precession and is a consideration in some auto- 
matic navigation systems. This form of apparent 
precession is encountered only if true north is 
used as a steering reference. 


If a gyro on a stationary aircraft is corrected 
for earth rate and real precession and aligned 
with the local meridian, the gyro will remain in 
constant alignment with that meridian and thus 
will not precess relative to true north (as long 
as the aircraft is stationary.) If the aircraft is 
then flown directly toward another position, the 
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gyro will remain aligned with the meridian at the 
initial position. However, due to the convergence 
of the meridians, the gyro will not continue to 
point north, but will precess steadily in true 
azimuth as the aircraft changes longitude. Pre- 
cession from this source is called earth transport 
precession. 


The illustration shows the effect of earth trans- 
port precession on a gyro that is corrected for 
earth rate and real precession. If under no wind 
conditions the aircraft is steered so as to main- 
tain a constant heading relative to the spin axis 
(p), the earth transport precession of the gyro 
will be just enough relative to true north to 
direct the aircraft along a great circle path 
from A to B. In other words, the amount of 
earth transport precession, (@), is equal tothe 
change of true course of the great circle between 
A and B. This change of true course is equal to 
the inclination of meridian A at departure to 
meridian B at destination, which is the same as 
earth convergence. A practical formula for earth 
convergence 1S: 


earth convergence = difference of longitude X 
sine mean latitude. 


Therefore, a practical formula for earth trans- 
port precession is: 


earth transport =change of longitude/hour X 
sine mean latitude. 





Earth transport precession 





For example, at 30° north latitude an aircraft 
flying eastward at 520 knots changes longitude 
at the rate of 10 degrees per hour. The sine of 30° 
(.5) X10 degrees of longitude =5° of earth trans- 
port precession/hour. In the Northern Hemi- 
sphere, earth transport is to the right on easterly 
headings and to the left on westerly headings. 


When flying a true north reference and 
rating a gyro corrected for earth rate and 
real precession, the measured precession rate 
for each rating period must equal earth trans- 
port precession to maintain a great circle head- 
ing. Any deviation from the computed earth 
transport precession, which changes with direc- 
tion, groundspeed, and latitude, must be com- 
pensated for. It can be seen, then, that it would 
be very difficult to fly a great circle course using 
a true north reference. It is evident from part B 
of the illustration that this problem can be solved 
by using grid north for heading reference. Note 
that there will be no precession caused by the 
inclination of the meridians since the heading 
reference system is grid which is developed 
as parallel lines. However, when flying with a 
grid reference system, there is another form of 
precession to consider called grid transport 
precession. 


Grid Transport Precession 


Even though it is possible to fly a great circle 
using a grid reference system, there is still 
apparent precession. This apparent precession 
is called grid transport precession and is caused 
by the fact that the inclination of the meridians 
on a chart is not the same as the inclination of 
the meridians on the earth. Although its magni- 
tude is small when compared with earth trans- 
port precession, it is significant in high speed jet 
aircraft. For example, it is possible to experience 
as much as three or four degrees per hour of 
grid transport precession when flying east-west 
at high subsonic speeds. 


Grid transport precession is caused by the 
fact that earth convergency is not correctly 
portrayed on plotting charts. Hence, when a 
great circle is plotted on such a chart it must 
curve to intersect the meridians at the correct 
course angles. This is shown in the accompany- 
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GREAT CIRCLE 
PATH BETWEEN 





Appearance of great circle on plotting chart 


ing illustration. When using these charts the 
navigator wants to adhere to the straight line 
path, but the gyro tries to lead him along the 
curved great circle path. The rate at which the 
great circle path curves away from astraight 
line on the chart is equal to grid transport 
precession. This is proportional to the difference 
between convergence of the meridians as they 
appear on the earth and as they appear on the 
map, and the rate at which the aircraft crosses 
these meridians. 


As pointed out in the chapter on Maps and 
Charts, map convergence is equal to the con- 
stant of the cone (n) times the change in longi- 
tude. On the other hand, earth convergence is 
equal to the change in longitude times the sine 
of the latitude. 


Grid transport precession 
=earth convergence — map convergence 
=change longitude (sin lat) — change 
long (7) 
= change longitude (sin lat — 7n) 
or as a rate 
=change long/hr (sin lat — n) 

A gyro corrected for grid transport, earth rate, 
and real precession will follow a straight line on 
a chart, whereas a gyro that is only corrected 
for earth rate and real precession will follow 
a great circle. However, when it follows a great 
circle it will experience a precession rate equal 
to change long/hr (sin lat — 7). 

The directional sense of this precession, right 
or left, depends on the true direction the air- 
craft flies and on the type of chart used. For 
example, on the chart illustrated, the precession 


11-17 


AFM 51-40 VOL ll 15 APRIL 1960 







STEROGRAPHIC 


LAMBERT 
CONFORMAL 


TRANSVERSE So “ 
MERCATOR 90W 


MEAN STANDARD 
PARALLEL 













Appearance of great circles on various projections 


would be to the left on an easterly course, to the 
right on a westerly course, a situation that will 
exist whenever 7 is greater than the sine of the 
latitude. Some representative charts are shown 
for comparison in the next illustration. The for- 
mula will produce an answer valid for easterly 
flights in the Northern Hemisphere: minus is 
left precession; plus is right precession. For 
westerly courses the sine of the answer must be 
reversed. 


For example, an aircraft flying eastward at 
520 knots at 30° north latitude changes longi- 
tude at the rate of 10° per hour. The earth con- 
vergence factor (sine 30°) is 0.50000; the map 
convergence factor of the JN chart (n) is .78535. 
Substituting these values in the formula: 


Grid transport precession 
=10 (.50000 — .78535) 
=10 (—.28535) 
= — 2.8535 
Since this is an easterly course in the Northern 
Hemisphere the direction of the precession is 
the same as the sign of the answer. In this case 
the answer may be rounded off to 2.8° left per 
hour. 


11-18 





The transverse Mercator is an exception to 
the rule in computing grid transport precession 
because the meridians of the projection (in 
this case the grid north lines) do not coincide 
with the meridians of the earth as they do in 
other conformal projections. As a result, the 
geographic meridians appear as curved lines on 
the map. Technically, in computing grid direc- 
tions a correction should be made for the curva- 
ture of the meridians in the true-to-grid formula, 
and grid transport precession should be com- 
puted using the rate of change of fictitious longi- 
tude, earth convergency equal to the sine of the 
fictitious midlatitude, and a map convergence 
factor of 0. However, no great error will be in- 
curred by assuming the geographic meridians 
are straight lines in the polar regions, and com- 
puting grid transport precession using change of 
true longitude, sine of mean true latitude, and a 
map convergence factor of 1.0; that is, the same 
as for the polar stereographic projection. 


SUMMARY-TYPES OF PRECESSION 


Real precession is caused by friction in the 
gyro gimbal bearings and dynamic unbalance. It 
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is an unpredictable quantity and can only be 
measured by means of heading checks. 


Earth rate precession is caused by the rotation 
of the earth. It can be computed in degrees per 
hour with the formula: 15.04 x<sin latitude (for 
practical purposes 15°/hr is used). It is to the 
right in the Northern Hemisphere, to the left 
in the Southern Hemisphere. All gyros are cor- 


rected to some degree for this precession, many 


by means of a latitude setting knob. 


Earth transport precession is an effect caused 
by using true north as a steering reference. It 
can be computed using the formula (change 
long/hr Xsin midlatitude). The direction of the 
precession is a function of the true course of 
the aircraft. If the course is 0° —180°, precession 
is to the right; if the course is 180° —360°, pre- 
cession is to the left. This precessional effect is 
avoided by using grid north as a steering refer- 
ence. 


Grid transport precession is caused by the fact 
that the great circles are not portrayed as 
straight lines on plotting charts. The navigator 
tries to fly his straight pencil-line course, the 
gyro a great circle course. The formula for grid 
transport precession is change longitude/hr 
(sin lat—n). The direction of this precession is 
a function of the chart used, the latitude, and 
the true course. Direct substitution into the 
formula will produce an answer valid for easterly 
flights; i.e., 0° —180°. For westerly courses, the 
sign of the answer must be reversed. 


USES OF PRECESSION FORMULAS 


The types and combinations of these preces- 
sions acting on an aircraft depends on the nature 
of its flight path. On most modern aircraft the 
steering gyros are compensated for earth rate 
precession by means of a latitude setting knob. 
Such a gyro will seek a great circle course and 
hence the aircraft will experience only the com- 
bined effect of grid transport precession and real 
precession. The amount of this precession can 
be calculated by the formula: total precession 
=“e’+change long/hr (sin lat—7), where 
“e’’ equals real precession. 


On those aircraft using gyros where earth rate 
has been only partially compensated, a small 
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degree of earth rate effect must be added to the 
formula written above. 


For example, the gyros used in T-29C aircraft 
have been adjusted only for earth rate at the 
latitude of Middletown Air Depot. This results 
in a correction of 10° per hour which must be 
subtracted from 15°xXsin lat to compute the 
residual earth rate precession. 


Obviously, if a great circle course is sought, no 
correction should be made for grid transport 
precession. However, since courses and head- 
ings are indicated by straight lines, some navi- 
gators feel that the gyro should be controlled 
to adhere to such a path. If the gyro incorpor- 
ates a latitude setting knob, this can be done. 
For example, suppose a gyro is experiencing 
10° right/hr earth rate precession, 3° left/hr 
grid transport precession, and 1° right/hr real 
precession; there is a total precession of 8° 
right/hr. If the latitude knob is set to that lati- 
tude at which the earth rate is 8° right/hr, 
namely, 32° north, the gyro will become vir- 
tually precessionless. 


The graph shown can be used to find the false 
latitude setting to compensate for any com- 
bination of earth rate and grid transport when a 
JN subpolar chart is being used. The graph is 
entered with change of longitude in degrees per 
hour, and midlatitude. The answer can be read 
either in terms of false latitude setting or in 
degrees of precession per hour. 


An example will serve to show the use of this 
graph. Suppose a navigator plans to fly from 
50°N. 116°W to 70°N, 158°W in three hours. 
His change of longitude per hour is 14°, his 
midlatitude 60°N, and his flight is in a westerly 
direction (true). The graph is entered against 
latitude, and the answer is read vertically above 
or beneath the point where this line intersects 
the curved line corresponding to change in 
longitude per hour. The dotted lines are used 
since the heading is westerly. The answer is 
53° N. If after departure any extra precession 
is measured, it may be added to the previously 
computed total precession (12°) and an appro- 
priate latitude setting can be found for the 
new value by reading along the top or bottom 
margin of the graph. 





Flying under such conditions, the measured 
precession should be zero. The price of this con- 
venience is merely a slight departure from a 
great circle. The resultant increase in distance 
is inconsequential and the wander off heading 
correction to celestial LOP’s is measured in 
fractions of a mile. 


The situation wherein a navigator would steer 
by gyro while using true north reference is 
relatively rare. Feasibly it would be practical 
in low latitudes where earth transport precession 
is slight, but since the magnetic compass is so 
reliable in those regions only an emergency would 
force the use of the gyro. Nevertheless, it may 
occur and if so the formula to use for predict- 
ing precession rate would be: (15.04 Xsin lati- 
tude) + (change long/hr Xsin lat) +e. 


GYRO STEERING 


A gyro, because of its property of rigidity in 


space, is ideal for steering grid direction in areas 
where the magnetic compass is unreliable. How- 
ever, it is subject to precession. Apparent pre- 
cession due to earth rate and grid transport 
can be compensated for in modern gyros, but 
real precession is random and may change fre- 
quently depending upon factors such as heading, 
changes in airspeed, turbulence, etc. The navi- 
gator must calculate and allow for this pre- 
cession if he is to steer a required heading. 


Gyro steering is much the same as magnetic 
steering, except that grid heading (GH) is used 
instead of true heading. Grid heading has the 
same relation to grid course as true heading to 
true course. The grid heading which should be 
flown in order to make good a particular grid 
course 1s called desired heading (DH). 


With a gyro that is precessing at a constant 
rate, an aircraft will fly an are of a small circle 
curving either right or left as the gyro precesses. 
To construct a DR position for an aircraft fly- 
ing a curved air path is not as difficult as it 
seems. The average heading for the DR period 
is computed, drift is applied, and track is plotted 
as a straight line. 


The heading at the beginning of the DR 
period, termed initial heading (IH), is averaged 
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with the heading at the end of the DR period, 
termed final heading (FH). The result is the 
average heading (AH). This is used in conjunc- 
tion with the drift and groundspeed to estab- 
lish the DR position exactly as is done with 
magnetic steering. 

In order to steer the aircraft by gyro to a 
desired point or destination, it 1s necessary to 
correct for precession. One method of doing this 
is illustrated by the following example. 

Assume a grid flight is to be made from A 
to B in the illustration. For convenience, assume 
a no-wind condition exists throughout the flight. 
The grid course from A to B is 090°, and since 
there is no wind, the GH to fly from departure 
to reach destination is also 090°. In grid, the 
GH necessary to reach destination is known as 
desired heading (DH). The navigator departs on 
a GH of 090° and after one hour, he takes 
another heading check and finds it to be 100°. 
The difference between the first GH and the GH 
at the end of the hour is the total precession 
for the period. In this case, it is 10° right. 
As part B of the illustration shows, the aircraft 
has flown a curved path to the right, and at the 
end of one hour is considerably off the course to 
destination. 


e—__________________________¢ 
A B 


A Time from A to B is two 
hours with no wind, GH-090° 





1015 


B Grid course from 1015 
position to B is 085° 





= B 


C Grid heading at midpoint 
of second leg is equal to DH 


Correcting for precession 
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The position of the aircraft at the end of one 
hour is found by plotting on the average heading 
(095°) the miles flown during one hour. The grid 
course (085°) is now measured from the 1015 
position to destination and, once again assum- 
ing a no-wind condition, the DH to reach 
destination will be 085°. This time however, 
since the navigator knows the gyro precesses 
10° right per hour, he can adjust the IH so 
that the average heading will be the DH of 
085°. This is done by applying one half of the 
hourly precession to the DH in the direction 
opposite that of the precession. In this example, 
the 5° is subtracted from the DH of 085° giving 
an IH of 080°. Now, as part C of the diagram 
shows, the aircraft will start to the left of the 
desired track, but at the midpoint the GH will 
be the same as the DH. At the end of one hour 
another heading check is taken and the FH is 
found to be 090°. The precession rate of 10° 
per hour was held constant. The average head- 
ing is the average of the IH and FH, and when 
plotted on the chart the position falls exactly 
on the desired track to destination. 


In review, the IH to fly in order to make 
good a desired grid track is found by the follow- 
ing steps: 


1. Establish the precession rate. 


2. Predict the amount of precession for the 
time period concerned. 


3. Apply one-half of this precession to the 
DH with the opposite sign. This is the preces- 
sion correction. 


It is evident that some record has to be main- 
tained, while keeping track of a gyro’s actions, 
to see how it has performed and to predict what 
it may do. The three methods of rating a gyro 
are by use of a log, a graph, or a combination 
of the two, and these are the tools for maintain- 
ing direction when flying grid. 


The primary steering gyro in most aircraft 
is the autopilot gyro; it will be used as the main 
steering reference when flying grid missions. 
The navigator will also rate a standby gyro, us- 
ually the pilot’s directional gyro; the reason be- 
ing that should the autopilot malfunction, a 
rate on the DG will have already been estab- 
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lished, and the navigator will know what to 
expect should steering by the DG become 
necessary. 


Autopilot Gyro (AP) 


The autopilot (AP), holds the aircraft on a 
preset heading. A directional gyro in the auto- 
pilot keeps the aircraft on a constant heading by 
means of electrical signals to motors which move 
the control surfaces. If for any reason the 
aircraft begins to change heading while being 
steered by the autopilot, the aircraft will start 
to turn around the gyro, which remains fixed 
in azimuth. This displacement is measured by 
the gyro, which sends electrical signals to a 
motor which turns the rudder and brings the 
aircraft back to the original heading. Similarly, 
if the autopilot gyro precesses, it will cause the 
aircraft to change its heading by an amount 
equal to the precession of the gyro. 


The precession of the autopilot for any period 
is determined by taking celestial heading checks 
at the beginning and end of that period. 


Example: Aircraft steered by autopilot. 


Time Heading AP Precession 
1215 270° 
1245 275° 5°R 


Autopilot precession is equal to final heading 
minus initial heading. If the result is positive, 
precession is to the right; if it is negative, pre- 
cession 1s to the left. 


Directional Gyro (DG) 


The pilot’s directional gyro (DG) has a 
compass rose which is read against a lubber line. 
The reading of the DG does not necessarily 
indicate the heading of the aircraft. In fact, 
it can be set to any number from 0° to 360°, 
regardless of the actual aircraft heading. The 
compass rose is attached to the gyro and the 
lubber line to the aircraft. The aircraft turns 
around the gyro and thus causes the reading 
indicated on the gyro compass rose to change, 
in much the same way as the B-16 compass. 
Also, if the aircraft maintains a _ constant 
heading and the DG precesses, the reading of 
the gyro compass card under the lubber line 
will change a number of degrees equal to the 
total precession of the DG. 











The DG is a very good directional reference 
if the aircraft is steered manually. The DG read- 
ing is set to the initial heading as determined 
by heading check, and the pilot steers the air- 
craft so that the DG reading remains constant. 
When this is done, precession of the DG may 
be determined in much the same way as auto- 
pilot precession. 


Example: Aircraft steered by DG. 


DG DG 
Time Heading Reading Precession 
1215 270° 270° (set) 
1245 275° 270° 5°R 


In this case, in order to maintain a constant 
DG reading, the pilot has to change the aircraft 
heading gradually a total of 5°R; thus, DG 
precession is 5°R. 


The aircraft is usually steered by autopilot. 
However, DG precession is determined anyway 
so that the DG may be used more accurately 
for manual steering if the autopilot becomes 
inoperative. Since the precessions of the DG 
and autopilot may be different in amount and 
direction, the navigator must be able to deter- 
mine DG precession by comparing change of 
actual aircraft heading to change of directional 
gyro reading. 


Example No. 1: Aircraft steered by autopilot. 


DG 
Time Head- Read- Precession 
ing ing AP DG 
1215 270° 270° (Set) 
1245 275° 270° 5°R 5°R 


In this case, the DG reading remains constant 
so the change of actual heading is the same as if 
the aircraft is steered by DG; therefore, DG 
precession equals autopilot precession. 


Example No. 2: Aircraft steered by autopilot. 


DG 
Time Head- Read- Precession 
ing ing AP DG 
1215 270° 270° (set) 
1245 270° 265° 0° 5°R 


In this case, the autopilot does not precess 
since it keeps the aircraft on a constant heading. 
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The DG reading, however, decreases 5°. If the 
pilot is steering manually by this DG, he has 
to make continuous small alterations to the 
right to maintain a constant gyro reading. Then 
at 1245, his DG reading is 270° and the actual 
heading is 275°. Since this is a change in actual 
heading of 5°R, DG precession is 5°R. 


Example No. 3: Aircraft steered by autopilot. 


DG 
Time Head- Read- Precession 
ing ing AP DG 
1215 270° 270° (Set) 
1245 270° 275° 0° 5°L 


This case is the opposite of Example No. 2. 
If the pilot had followed the DG, he would have 
made continuous small alterations to the left 
which would total 5°. DG precession is 5°L. 


Example No. 4: Aircraft steered by autopilot. 


DG 
Time Head- Read- Precession 
ing ing AP DG 
1215 270° 270° (set) 
1245 278° 278° 8°R 0° 


Here the DG reading, although changed, is 
still the same as the actual heading of the air- 
craft. Thus DG precession is 0°. 


Example No. 5: Aircraft steered by autopilot. 


DG 
Time Head- Read- Precession 
ing ing AP DG 
1215 270° 270° (set) 
1245 275° 279° 5°R 4°T, 


In this case, if the directional gyro had not 
precessed, it would have read 275°, the actual 
heading of the aircraft at 1245. However, the 
DG reading has increased an additional 4°. 
If the pilot had been steering by DG, he would 
have altered a total of 4°L in order to maintain 
a constant gyro reading of 270°. Therefore, DG 
precession is 4°L. 


Example No. 6: Aircraft steered by autopilot. 


DG 
Time Head- Read- Precession 
ing ing AP DG 
1215 270° 270° (set) 
1245 265° 261° 5°L 4°R 


11-23 


AFM 51-40A VOL II 31 DECEMBER 1962 


This case is the opposite of Example No. 5. 
If the pilot had been steering by DG, he would 
have altered a total of 4°R. DG precession is 
4°R. 

From these examples, it may be deduced that 
DG precession is equal to actual heading minus 
DG reading, provided the DG is set to read 
actual heading at the start of the period. In 
any case, DG precession for any period equals 
change of actual heading minus change of DG 
reading (algebraically). If this difference is 
positive, DG precession is right; if the difference 
is negative, DG precession is left. 

In these examples, precession has been dis- 
cussed only as an amount. It is frequently neces- 
sary for the navigator to predict the amount of 
precession which will occur during some period 
of time. In order to do this, he must know the 
rate of precession. This is generally expressed 
as a number of degrees left or right per hour. 
For example, a gyro which has precessed at 
6° R in the last half-hour has a rate of 12°R/hour. 
If the navigator needs to predict how much this 
gyro will precess during the next 45 minutes, 
he ean easily arrive at the correct amount, 9°R. 


The Gyro Graph 


The gyro graph, like the gyro log, is a record 
of aircraft headings and gyro precession. The 
values of successive heading checks are plotted 
against the time of observations. From this 
graph, average heading, precessions, and initial 
heading can be found at any time without mathe- 
matical computation. The gyro graph can be used 
in exactly the same manner as the log; however, 
its main advantage is that a serious error will 
be immediately evident because it gives a 
graphic picture of the gyro’s actions. 


The graph is divided into two parts; one for 
the primary gyro and the other for the standby 
gyro as shown in the accompanying illustration. 


PRIMARY GYRO SECTION. The center line is 
labeled with the desired heading, and the 
horizontal lines are labeled as time, in incre- 
ments of five minutes. 

A predicted precession line (dotted) is drawn 
on the graph for the first rating period, inter- 
secting the center (DH) at the midtime of the 
period. For example, a predicted precession of 
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+3°/hr would start 11%° to the left of the center 
line, intersect at 30 minutes from the bottom, 
and terminate 114° to the right of the center 
line at one hour from the bottom. 


As heading checks are made during the flight, 
the values of grid heading are plotted; left of 
the center line if less than DH and right of the 
center line if greater than DH. 


In computing an alteration of heading, the 
line formed by the heading checks is extended 
to the A/H time to find the predicted final 
heading. A horizontal line is also drawn at the 
time of alteration. 


When computing the initial heading for the 
next period, simply draw a line parallel to the 
latest precession line through the midtime of the 
next period. This is dotted to denote it is pre- 
dicted precession. The center line is the new 
desired heading, and the point where the pre- 
cession line intersects the time line at the 
beginning of the period is the new initial head- 
ing. The IH is found simply by counting the 
number of degrees left or right of the center 
line; no mathematical computation of pre- 
cession rate is involved. 


There is no provision for “Pilot Holds’’ on 
the gyro graph. The navigator may record this 
reading in the lower left-hand corner of the 
graph, with a heavy outline around it. 


The number of degrees to turn is found by 
comparing the predicted final heading prior to 
the turn with the new initial heading. The num- 
ber of degrees turned left or right is entered 
along the alter heading line, as is the new 
“Pilot Holds’’ value. 


This procedure is carried through to the end 
of the mission. 


STANDBY GYRO SECTION. The standby gyro 
is rated in the same manner as in the gyro log. 
The values of grid heading minus gyro reading 
are plotted to the left of the center line if minus, 
and to right if plus. The line established by 
plotting these values shows the direction of 
gyro precession. The standby gyro need not be 
reset when alterations of heading are made; 
however, it should be reset if the precession line 
approaches the limits of either side of the graph. 
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Gyro graph 


SAMPLE PROBLEM. Refer to the graph illus- 
trated for explanation of the following sample 
problem. 


The predicted precession for the first hour of 
a grid leg is +4°. This line is plotted through the 
midtime, shown by the dotted line. The de- 
sired heading (140°) is entered at the bottom of 
the center line. The predicted precession inter- 
sects the departure line 2° to the left of the 
center line; therefore, the initial heading is 
188°. Grivation is +32° west, so the pilot’s de- 
parture magnetic heading is 170°. 


The aircraft departs at 1000. A heading check 
is made to insure the proper initial heading of 
138°, and an X is entered on the graph at the 
—2 value (2° left of 140°). The pilot sets his 
DG to 188°, and an X is entered on the center 


line of the standby gyro graph. The ‘‘Pilot 
Holds” 170°. 


At 1020, a heading check is made: GH is 
140°, DG reads 141°. On the primary graph, 
GH equals DH; therefore, an X is placed on the 
center line; on the standby graph, GH minus 
GR equals —1, so an X is placed one block to 
the left. 


At 1040, a heading check is made: GH is 
142°, DG reads 144°. On the primary graph, 
GH is 2° right of the DH; on the standby 
graph, GH minus GR equals —2. These values 
are plotted as shown. 


The navigator decides to alter heading at 
1100. The final heading is predicted by extend- 
ing a line through the X’s to the 1100 line, and 
this is circled to show it is an assumed value. 


11-25 


AFM 51-40A VOL II 31 DECEMBER 1962 


The average heading on which to base the 1100 
DR position can easily be found by locating the 
midtime between the last plotted position and 
1100, and reading the value on the recorded 
precession line. In the illustration, the average 
heading from 1040 to 1100 is 148°. 


The next rating period is to be from 1100 
to 1200. A dotted line is drawn parallel to the 
precession line established from 1000 to 1100, 
through the midtime of the next period; i.e., 
1130. 


The new desired heading is 185, and this is 
entered on the center line at 1100. The new 
precession line starts 3° left of the center line, 
giving an initial heading of 132°. Comparing 
this with the predicted and final heading of 144°, 
it is obvious that an alteration of 12° left is 
necessary. This information is recorded on the 
1100 line, with a heavy line drawn in to denote 
an alteration of heading. The correction is 
applied to the original ‘‘Pilot Holds’, and a 
new value of 158° is entered on the A/H line. 


After the turn, a heading check is made to 
insure the aircraft is on the proper initial 
heading of 132°, and the same recording pro- 
cedure is started again. After the turn, the DG 
reads 136°, GH is 1382, and GH minus GR 
equals —4. 


At 1120, a heading check is made: GH is 
134°, the DG reads 187°, and GH minus GR 
equals —3. The values are plotted as before. 


At 1140, another heading check is made: GH 
is 186°, the DG reads 138°. From the graph, it 
is readily apparent that the primary gyro’s 
predicted precession is holding true; however, 
the standby gyro has reversed its direction of 
precession. 


The navigator decides to alter heading into 
destination at 1150, and the same steps are 
performed as in the previous alteration. The 
predicted final heading is 187°, and it is circled. 


The desired heading to destination is 142°, 
and the center line at 1150 is labeled with this 
value. 


The ETA to destination is 1210; therefore, 
the precession line is drawn parallel to the 


11-26 





previous one through the midtime of the period 
between 1150 and 1210, at 1200. 


The predicted precession intersects the 1150 
line at —1, giving an initial heading to desti- 
nation of 141°. The appearance of the graph 
may give an indication of a left turn; however, 
by comparing the final and initial headings, it 
is seen that a 4° right correction is necessary. 
The new “Pilot Holds’’ value becomes 162. 


After the alteration, the heading is checked 
as usual to insure the proper initial heading. 
The heading after the turn is 141°, and the DG 
reads 14214°. 


When the ETA runs out, the graph is closed 
in the same manner in which the navigator’s 
log is closed. 


Using The Gyro Graph 


CHANGING Gyros. The procedure for switch- 
ing to the standby gyro using the graph is 
quite simple, and follows much the same pat- 
tern as the procedure with gyro log. When chang- 
ing gyros the following steps are necessary: 


1. Determine the final grid heading at the 
time of change using the average slope of the 
erratic primary gyro’s precession. 


2. Through the midtime of the next rating 
period, draw a dotted line parallel to the slope 
of the standby gyro, and find the new initial 
heading as before. 


3. Compare the values in steps 1 and 2, 
and record the alteration required on the A/H 
line. 


4. Switch to the standby gyro at this time 
and make a notation on the graph. 


®). After rollout, ask the pilot for the DG 
reading. This becomes the new “Pilot Holds.” 


CHANGEOVER PROBLEM. Refer to the illus- 
tration for the solution to the following problem: 


Given: Desired heading 220° 
Predicted precession 10° left/hr. 
Grivation at departure 90°E. 
Initial heading 225° 
Pilot holds 135° 
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Changeover problem, gyro graph 


0200 — Depart: Grid heading 225°, set stand- 
by DG to 225, pilot holds 185°. 

0220 — Grid heading 223°, DG reads 225°. 

0240 — Grid heading 218°, DG reads 222°. 

0300 — Grid heading 210°, DG reads 216°. 

0305 — Alter heading, switch to standby 
DG for steering. 


New desired heading is 255°, for a 40-minute 
period. 
0305 — The DG reading before the turn is 
215°. 
Initial heading 257° 
Number of degrees to turn 49°R 
Pilot holds 263° 


TWILIGHT STEERING. Computation of pre- 
cession after twilight does not involve a mathe- 
matical solution when using the graph. When 
using the log, a comparison of the last grid 
heading before twilight is made with the grid 
heading after twilight, including any altera- 
tion of heading. This procedure is done graph- 
ically when using the gyro graph. 


When twilight is encountered, the navigator 
uses the last known precession slope for pre- 
dicting grid headings as necessary. Should an 
alteration of heading be required, again he uses 
the last known slope for computing the altera- 
tion. When heading checks are again possible, 
he records the actual grid heading on the graph 
in the normal fashion, and uses the following 
procedures: 

1. Count the number of spaces the actual 
grid headings fall either right or left of the 
predicted slope. 


2. Extend the predicted slope from below the 
A H line up to the time of the present grid 
heading. 


3. Plot a mark, either to the right or left of 
this extended slope, the number of spaces 
counted in step 1. 


4. Lay the plotter along this mark and the 
last grid heading before twilight. This is the 
actual slope during the twilight period. 
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Twilight steering, gyro graph 


5. Starting at the last grid heading before 
twilight, draw a heavy line along the plotter 
up to the A/H line. 


6. To bring the graph back to the center 
line above the A/H line, place a pencil on the 
X of the grid heading after twilight, and draw 
a heavy line back down to the A/H line parallel 
to the one drawn in step 5. 


The following example illustrates this pro- 
cedure. (The standby gyro was not considered. ) 


In this example, twilight was encountered 
after the 0720 heading check. The last known 
slope was used to predict the final heading (138°) 
and the initial heading (174°) at the 0800 A/H 
line. Heading checks were again possible at 
0835, and the grid heading at that time was 
found to be 171°. The predicted heading plotted 
for 0835 was 167°; therefore, 171° is 4 spaces 
to the right of the predicted slope. The predicted 
slope below the A/H was then extended to 
0835, and the mark was made 4 spaces to the 
right of this line. The plotter was placed on 
the graph connecting this mark and the 0720 
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grid heading, and a heavy line was drawn up 
to the A/H at 0800. A line was then drawn 
parallel to this slope from the 0835 grid heading 
(171°), back down to the A/H line. 


This shows the average precession during the 
twilight period. Although the gyro was still 
experiencing left precession, it was not quite 
as much as the predicted slope. If the turn 
caused the change in precession rate, merely 
join the predicted IH (174°) to the 0885 GH 
to find the correct precession slope. 


DEAD RECKONING AHEAD 


When an alter heading becomes necessary, 
either to maintain course or to destination, the 
latest precession must be extended to predict 
the heading just before the turn for two reasons: 


1. To have a basis for determining the average 
heading between the last fix and the DR posi- 
tion. This will give the navigator the heading 
to use in plotting the DR position. 


2. To compare with the initial heading after 
the turn so that the alteration necessary may 
be determined. 


Gyro Data in Navigator's Log 


Proper use of the gyro log and graph in con- 
junction with the navigator s log is necessary to 
accomplish successful DR. Two separate areas 
exist where gyro information must be properly 
interpreted: 


1. Conversion of radio LOP’s to grid bearings. 
When taking a radio fix, the grid heading when 
the bearings are read must be the heading of 
the aircraft at that time. If an actual grid heading 
check is not available at the time of the fix, the 
navigator must use the gyro log or graph to 
predict what the heading will be. This value is 
then added to the relative bearing of the station 
or set under the index on the radio compass 
rose to arrive at the grid bearing. 


2. Wind solutions. The average grid heading 
between positions must be used to compute the 
wind. The navigator must be careful not to use 
the grid heading at the time of either position, 
but the average between them. 








SUMMARY 


Gyro steering is monitored by using a gyro 
log or gyro graph. Both primary and standby 
gyro precessions are recorded on these forms. 
They can be used for changing gyro as well as 
for steering to complete a mission successfully 
by using predicted values when it is impossible 
to obtain heading checks because of overcast 
conditions or twilight. 


The information recorded in the gyro log or 
graph is used in conjunction with the navigator’s 
log to plot positions and compute winds, head- 
ings, alterations, and ETA’s. The navigator must 
execute the proper correlation between his log 
and the gyro log or graph, to accomplish his 
grid dead reckoning successfully. 


CELESTIAL NAVIGATION IN 
HIGH LATITUDES 


Celestial navigation in polar regions is of 
primary importance because: (1) it constitutes 
the principal method of determining position 
other than by dead reckoning, and (2) it provides 
the only means of establishing direction over 
much of the polar regions. The magnetic com- 
pass and directional gyro are useful in polar 
regions, but these require an independent check, 
which is provided only by celestial bodies. 
Celestial navigation is of such importance in 
polar regions that the navigator customarily 
devotes almost full time to it. 


Timepieces should be given special care. They 
should be wound regularly and their errors 
checked by time signal before each flight. They 
should not be exposed to very low temperatures. 
Below approximately —40° (F or C), a precision 
watch becomes unreliable. A wristwatch receives 
sufficient heat from the body, but any other 
timepiece should be protected from _ severe 
temperatures. This may be done by keeping it 
in an inside pocket where it will be warmed by 
body heat. Even though a watch may be 
operating properly, its rate may be changed by 
a large change in temperature. 


At high latitudes, the sun’s daily motion is 
nearly parallel to the horizon. In areas of con- 
tinuous sunlight the moment chosen as the start 
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of the day is of little importance. Hence, GMT 
is customarily used for flights. The motion of the 
AIRCRAFT in these regions can easily have 
greater effect upon the altitude and true azimuth 
of the sun than the motion of the sun itself. At 
latitude 64°, an aircraft flying west at 400 knots 
keeps pace with the sun, which appears to re- 
main stationary in the sky. At higher latitudes 
the altitude of a celestial body might be increas- 
ing at any time of day, if the aircraft is flying 
toward it, and a body might rise or not, at any | 
azimuth, depending upon the direction of motion 
of the aircraft relative to the body. 


Since the apparent motion of celestial bodies. 
is nearly horizontal, and their azimuth relation- 
ship changes relatively little, it is not unusual 
for the same celestial bodies to be used for 
successive fixes throughout a flight in polar 
regions. 


' Observations can be made by the same 
instruments and techniques as in lower latitudes. 
However, a periscopic sextant is most suitable 
for polar regions because: (1) it can be used for 
both altitude observations and heading checks, 
(2) for low altitudes often required during sum- 
mer, it is easier to use and avoids large and 
uncertain astrodome refraction, and (3) it avoids 
the problem of astrodome fogging, when the 
outside temperature is very low. If a sextant 
having flashlight batteries is used in very cold 
weather, the batteries should be removed be- 
tween observations and kept inside the flying 
suit or other warm place, for their electrical 
generating power deteriorates at low tempera- 
tures. Breathing on the index prism of a sextant 
should be avoided as it is likely to cause frost 
or ice to form on the surface. If this does occur, 
the ice should be melted by placing the hand 
over the frozen surface, and the glass should 
then be cleaned by a soft cloth or lens tissue. 


BODIES AVAILABLE FOR OBSERVATION 


During the continuous daylight of the polar 
summer, only the sun is regularly available for 
observation. The moon is above the horizon 
about half the time, but generally it is both 
visible and at a favorable position with respect 
to the sun for only a few days each month. 
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During the long polar twilight, no celestial 
bodies may be available for observation by an 
ordinary sextant, although directional guidance 
ean be obtained by means of a sky compass. 
As in lower latitudes, the first celestial bodies 
to appear after sunset and the last to remain 
visible before sunrise, are those brighter planets 
which are above the horizon. Usually, a bright 
planet is visible throughout the twilight period, 
so that no break in routine need occur. Good 
advance flight planning can do much to avoid 
long periods without observations. 


The sun, moon, and planets are never high in 
polar skies. Low altitude observations are 
routine, for often they are the only ones avail- 
able. Particularly with the sun, observations are 
made whenever any part of the body is visible. 
If it is partly below the horizon, the upper limb 
is observed, and a correction of —16’ for semi- 
diameter is applied to the sextant altitude. 


During the polar night, stars are available. 
Polaris is not generally used because it is too 
near the zenith in the arctic and not visible in 
the antarctic. A number of good stars are in 
favorable positions for observation. Because of 
large and somewhat unpredictable refraction in 
polar regions, particularly near the horizon, low 
altitudes (below about 20°) are avoided when 
higher bodies are visible. 


Use of Astrocompass 


Heading determination in the polar regions Is 
normally accomplished using the astrocompass 
or the periscopic sextant. The procedure for 
setting up the astrocompass is the same as that 
at any latitude. However, at first glance, it 
might appear difficult to check the grid heading 
by celestial in the polar regions since the 
meridians are so close together and a small error 
in dead reckoning can mean a large error in 
LHA. Actually the method of taking a grid 
heading check is the same as a true heading 
check, with one additional step. First, a true 
heading is determined in the usual way. The 
value thus found is the true heading relative 
only to the meridian used to compute the LHA. 
The longitude or convergence of this meridian 
is then applied to the true heading to find the 
grid heading. When this procedure is used, a 
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relatively large DR error will cause only insig- 
nificant errors in grid heading, as shown in the 
following example. 


Navigator ‘‘A”’ and Navigator “B’’ on the 
same aircraft measured the relative bearing of 
Capella at the same time. The relative bearing 
read by both was 030°. The GHA of Aries at the 
time was 216°. “A”’ thought the aircraft was at 
86°00’N, 100°00’W;; ““B”’ thought it was 86°00’N, 
80°00’W. Both of their computations are shown 
in the table. 


fA” **B” 
GHA 216 216 
W. Long. —100 — 080 
LHA 116 136 
Lat 86N 86N 
TB Capella 220 241 
RB Capella — 030 — 030 
TH 190 211 
W. Long. +100 +080 
GH 290 291 


Even with a 20° difference of assumed longitude, 
the difference between the grid headings com- 
puted is only 1°. The error in grid headings 
caused by DR errors will be equally small with 
relative bearing, true bearing, or astrocompass 
LHA methods of heading checks. Thus within 
the limits of reasonable DR, the correct grid 
heading is obtained provided the longitude used 
to obtain the LHA is applied to the true head- 
ing to obtain grid heading. 


The mechanics of the operation of the astro- 
compass can be simplified and improved by a 
special grid modification. The illustration shows 
an astrocompass with a special scale added to it 
between the base of the astrocompass and the 
true heading index. This circular index is num- 
bered from 0 to 180 both east and west. Zero 
degrees is at the true heading position, with west 
longitude increasing in a clockwise direction on 
the right side and east longitude increasing in 
a counterclockwise direction on the left side of 
the instrument. 

The operation of the modified astrocompass 
relieves the navigator of the additional math- 
ematical operations which, after several hours of 
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Modified astrocompass 


flying, may be sources of error. To determine 
the grid heading, the true heading is determined 
in the normal manner, and the grid heading is 
read on the true heading scale opposite the DR 
longitude used for the computation of the LHA. 


Sight Reduction 


Sight reduction in polar regions presents some 
slightly different problems from those at lower 
latitudes. Since low altitude observations are 
common, H.O. 249 is the most suitable method 
for continuous use, because it provides for 
altitudes down to the visible horizon at flight 
altitudes. Polar flights are often of long duration, 
and the busy navigators are usually quite 
fatigued near the end of the flight. An easy 
method, such as provided by H.O. 249, which 
offers less opportunity for a blunder, is desirable 
under these conditions. 


For latitudes greater than 69°N or 69°S, 
H.O. 249 tables have tabulated He’s and 
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azimuths for only even degrees of LHA. This 
concerns the navigator in two ways: 


1. It is necessary to select an assumed 
position at the nearest longitude, where the 
LHA is an even degree; for example, GHA 
195°15’, DR position 75°17’N, 98°20’W. Using 
an assumed longitude of 98°15’W would result 
in LHA of 97°00’. H.O. 249 does not list an LHA 
of 97° for this latitude. Changing the assumed 
longitude to 97°15’W or 99°15’W, will give an 
LHA listed in the H.O. 249 table. 


2. The difference between successive tabulated 
He’s is for 2 degrees of LHA, or eight minutes 
of time, and this difference must be divided in 
half when computing motion of the body for 
four minutes of time. 


For ease of plotting, all azimuths can be 
converted to grid. In this connection, the 
longitude of the assumed position should be 
used to determine convergence — since the 
tabulated azimuth is for the assumed position, 
not the DR position. On polar charts, con- 
vergence is equal to longitude. 


In computing motion of the observer, it is 
imperative that the difference between grid 
azimuth and grid track be used, since this 
computation is based on relative bearings. True 
azimuth minus grid course does not give relative 
bearing. This latter is a common source for 
error In computing motion of the observer. 


In lower latitudes some navigators avoid 
observation of celestial bodies near the horizon 
and ignore the refraction correction. Since low 
altitudes are frequently used in polar regions, 
the high latitude navigator should form the 
habit of referring to the refraction correction 
table for all observations to avoid overlooking 
it when needed. Because low temperatures are 
not unusual in polar regions, the use of the 
temperature correction factor should be con- 
sidered for all observations. 


In polar regions Coriolis corrections reach 
maximum values and should not be overlooked. 
Poles as Assumed Positions 


Within approximately two degrees of the pole, 
it is possible to use the pole as the assumed 
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Using pole as assumed position 


position. With this method, no tabulated 
celestial computation is necessary, and the 
position may be determined by use of the Azr 
Almanac alone. 


At either of the poles of the earth, the zenith 
and the elevated poles are coincident, and the 
plane of the horizon is coincident with the plane 
of the equator. Vertical circles coincide with the 
meridians, and parallels of latitude coincide with 
declination circles. Therefore, the altitude of the 
body is equal to its declination, and the azimuth 
equal to its hour angle. 


To plot any LOP, an intercept and the 
azimuth of the body are needed. In this solution, 
the elevated pole is the assumed position. The 
azimuth is plotted as the GHA of the body, or 
the longitude of the subpoint. The intercept is 
found by comparing the declination of the body, 
as taken from the Air Almanac, with the ob- 
served altitude of the body. To summarize, the 
pole is the assumed position, the declination is 
the He, and the GHA equals the azimuth. 


For ease of plotting, the GHA of the body 
may be converted to grid azimuth by adding or 
subtracting 180° when using the North Pole 
as the assumed position. When at the South Pole, 
360°—GHA of the body equals grid azimuth. 
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The result will allow the use of the grid lines 
for plotting the LOP’s. When using grid azimuth 
for plotting, Coriolis may be applied to the 
assumed position (in this case the pole). Preces- 
sion/nutation corrections are not necessary 
since current SHA and declination are used. 
Motion of the observer tables may also be used 
in precomputation, since grid azimuth relative 
to grid course may be determined. Motion of 
the body is zero at the poles. 


When a celestial body is observed, the 
exact GMT should be noted. From the almanac, 
the proper declination and GHA are extracted, 
The azimuth is plotted. Ho and He are com- 
pared to obtain the intercept. When the observed 
altitude, Ho, is greater than the declination, He, 
it is necessary to go from the pole toward the 
celestial body along the azimuth. If the observed 
altitude is less than the declination, as is the 
case with the sun in the illustration, it is neces- 
sary to go from the pole away from the body 
along the azimuth. The LOP’s are drawn 
perpendicular to the azimuth line in the usual 
manner. It is not necessary to be concerned 
about large intercepts; they have no bearing on 
the accuracy of this type of fix. Observations on 
well-separated bearings give a fix that is as 
good close to the pole as it is anywhere else. 


Use of Periscopic Sextant 


The periscopic sextant may be used for head- 
ing checks in the polar regions in much the same 
manner as it is used at lower latitudes. The 
periscopic sextant is less subject to errors caused 
by inaccurate mounting, one correction for 
azimuth readings applies to all bearings, and 
there is no problem of dome refraction error when 
sighting on bodies at low altitudes. The major 
disadvantage in its use for computing grid 
headings in the manner to be described is that 
it will cause any error in DR position for the 
heading to be reflected in the grid heading. 


The periscopic sextant is used to obtain grid 
headings in the following manner: 


1. The azimuth of the celestial body is 
obtained by H.O. 249 solution and the longitude 
or convergence angle is applied (+ West — East) 
to the true azimuth to obtain grid azimuth. 








2. The grid azimuth is set in the azimuth 
counter of the sextant. 


3. The body is collimated and the grid 
azimuth is read directly under the vertical 
crosshair of the azimuth scale, which is visible 
through the eyepiece. 


OTE 


A heading check may be taken during 
regular celestial shots with the periscopic 
sextant. If regular shots are taken at 


hourly intervals, for example, the grid 
azimuth for the half hour heading check 
can be computed at the same time as the 
celestial precomputations are made. 





TWILIGHT PLANNING 


Twilight 


Immediate, total darkness does not occur at 
sunset because of scattering of sunlight by the 
earth’s atmosphere. As the sun’s vertical dis- 
tance below the horizon increases less of the 
atmosphere is illuminated, and it becomes darker 
gradually. This period of incomplete darkness is 
called twilight. Several kinds are defined,. de- 
pending upon the zenith distance of the sun at 
the darker limit. 


It is because of the diffusion of light by the 
earth’s atmosphere that stars and planets are 
generally not visible during the day. At max- 
imum brilliance, Venus can sometimes be seen 
in broad daylight. Often: the brightest planets 
above the horizon can be seen at about the 
time of sunset, but the first magnitude stars are 
generally not visible until the sun is more than 
six degrees below the horizon. During this period 
between sunset and the appearance of the first 
stars (or between the disappearance of the last 
stars and sunrise), the navigator may be without 
any celestial bodies for determination of direc- 
tion or position. 


At any given moment the sun is on the 
celestial horizon of any observer 90° away from 
its geographical position. The locus of all such 
points is a great circle (the sunrise-sunset line) 
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of which the sun’s subpoint is the pole. Another 
circle (a small circle), 18° farther away from 
the sun’s subpoint, represents all points at the 
darker limit of astronomical twilight. Beyond 
this, total darkness occurs. When the sun is on 
the celestial equator, the great circle sunrise- 
sunset line passes through the geographic poles, 
as illustrated. At the equator, the twilight belt 
moves rapidly toward the west because of the 
rotation of the earth. Near the poles, the belt 
covers a much larger spread of longitude, so 
that while it moves at the same angular rate, a 
much larger interval is needed for it to pass a 
given point. This is reflected in the almanac 
by the longer duration of twilight tabulated for 
higher latitudes. Here its motion is more rota- 
tional, like that of a line of position. 
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Twilight belt when sun is on celestial equator 


The reason for the longer duration in high 
latitudes can be shown in another way. Refer 
to figure A of the illustration, Sun’s Diurnal 
Path. At the equator, the sun rises and sets 
vertically, crossing the range of twilight altitudes 
in a minimum of time. As latitude increases, the 
inclination of the sun’s path (its diurnal circle) 
with respect to the vertical becomes greater, 
as shown in figure B. Since speed along the 
diurnal circle is nearly constant, the longer path 
indicates greater duration of twilight. 

Refer again to the illustration, Twilight Belt 
When Sun ts on Celestial Equator. At the equi- 
noxes, any point within 18° of the pole will not 
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experience complete darkness, because the maxi- 
mum latitude reached by the small circle marking 
this limit is 72°, and this maximum will not 
change as the earth rotates (neglecting the slow 
change of declination of the sun). For an observer 
within 18° of the pole, the apparent path of the 
sun with respect to the twilight belt is shown in 
figure C, Sun’s Diurnal Path. For an observer 
within 6° of the pole, the darker limit of cavl 
twilight will not be experienced. (Civil twilight 
begins, AM, and ends, PM, when the sun is 6° 
below the horizon. ) 

As the sun moves north or south from the 
celestial equator, the twilight belt moves with 
it. In the next illustration, the twilight belt is 
shown when the declination is 15°N. Within 
15° of the North Pole, the sun remains above the 
celestial horizon during the entire 24 hours. The 
twilight belt has moved down so that lower 
latitudes now experience no complete darkness 
during the night. The South Pole is near the 
darker limit of astronomical twilight. At the 
maximum declination of the sun, 23°27’, the 
sunset-sunrise great circle is tangent to the 
polar circles at latitude 66°33’. 
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Twilight belt when sun’s declination is 15° N 


Location of Twilight Belt 


The principles discussed above can be used to 
locate the twilight belt on a polar chart, at 
any time, as shown in the related illustration. 


First, from the almanac, determine the GHA 
and declination of the sun. Locate the meridian 
on which the subpoint of the sun is situated 
(GHA=W. Long., or 360°—GHA=E. Long.). 
In this illustration, a GHA of 50° is used. 


From the pole, measure an arc of latitude, PA, 
equal to the declination (20.6°S in the illustra- 
tion). If the declination and pole (P) are of 
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Locating twilight belt on polar chart 


contrary name, measure toward the sun (along 
the meridian containing its subpoint), and if 
they are of the same name, measure in the 
opposite direction, or away from the sun. The 
point A thus located is on the great circle 
sunrise-sunset line. 


However, because of refraction, dip, and 
semidiameter, the actual sunrise-sunset line 
is a little farther from the sun. From the 
graph, determine the depression of the sun 
for flight altitude, using the left-hand curve. 
At 20,000 feet this value is 3.6°, the amount 
used in the illustration. This can also be found 
in Table 2, page A55 of the Air Almanac. 
From point A, measure this are (AB) away 
from the sun. Through the point B, thus 
located, draw a perpendicular to the meridian 
of the subpoint of the sun. This is a close ap- 
proximation to the actual sunrise-sunset line 
at the time drawn. 


Air navigators are concerned primarily with 
that part of twilight during which the sky is too 
bright for observation of stars. This is approx- 
imately between sunrise-sunset and the darker 
limit of civil twilight, although first magnitude 
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Sunrise, sunset, and civil twilight at various heights 


stars may be visible when the sky is a little 
brighter. From the right-hand line of the graph, 
determine the depression of the sun at the 


darker limit of civil twilight. The values, some — 


of which are found on page Al2 of the Aur 
Almanac, are based upon incomplete data, and 
may need slight revision in practice. From point 
A, measure this are (AC, 6°.6) away from the 
sun. Through the point C, thus located, draw 
a dashed line parallel to the sunrise-sunset line. 
This second line approximates the line along 
which the darker limit of civil twilight 1s 
occurring. Stars should be available when the 
aircraft is on the side of this line away from the 
sun; the sun should be available on the opposite 
side of the line through B; no bodies may be 
available between the lines. 


Twilight Computer 


The twilight conditions encountered during 
any flight can be determined by making the 
twilight belt diagram explained above for inter- 
vals of Perhaps one hour during the flight. 


However, this entails a considerable amount of 
work, much of which can be avoided by drawing 
the two lines on a piece of transparent material 
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Polarization of sunlight 


placed over the chart as a template. If this 
template is fastened to the pole with a thumb 
tack or other pivot, the conditions at subsequent 
times during the flight can be determined by 
rotating the template 15° per hour in the 
direction of the apparent motion of the sun, 
clockwise in the arctic and counterclockwise in 
the antarctic. If the predicted DR positions of 
the aircraft have previously been plotted at 
hourly intervals, the location with respect to 
the twilight belt, as well as the direction of the 
course relative to it, can be determined for each 
hour of flight. Such an arrangement constitutes 
a polar twileght computer, which can be useful in 
flight planning, particularly in noting the effect 
of changing the time of takeoff or the route to 
avoid prolonged period in the twilight belt. 


Various forms of twilight computers have been 
devised, all based upon this principle. One of the 
more common computers is illustrated. 


Twilight Sky Compass 


Although most modern gyros have real preces- 
sion rates of less than 1°/hr, apparent precession 
sometimes is still appreciable. In any event, it is 
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necessary to take frequent heading checks when 
steering by gyro. However, during prolonged 
periods of twilight this is often impossible since 
no bodies are visible. To overcome this obstacle, 
the twilight sky compass was developed. With 
this instrument, heading checks may be ob- 
tained under clear conditions, when the sun’s 
altitude is between 30° and —70°. Within these 
limits the instrument is accurate to approx- 
imately one-half of a degree. 


PRINCIPLES OF OPERATION. The design of the 
twilight sky compass is based on the following 
principles. 


The light of the sky is mostly scattered sun- 
light. This light is polarized in such a way that 
the maximum polarization occurs at right angles 
to the plane of incidence, as shown in the 
related illustration. 


The polarization is maximum in that part of 
the sky which is 90° from the sun. Thus, if a 
navigator can determine the direction of polar- 
ization of the light of the sky in the zenith, he 
can establish the direction of the sun. Knowing 
the sun’s azimuth, he could measure the heading 
of the aircraft. 





SUNLIGHT 





Maximum darkness — axis of polaroid parallel 
to plane of incidence 


A sheet of polaroid will detect the alignment 
of this polarization. When its axis of polarization 
is parallel to that of the sunlight, maximum light 
passes through, and the sky, as viewed from 
beneath the polaroid, appears bright. If the 
polaroid is then rotated about a vertical axis, 
the amount of light passing through diminishes 
and the sky appears darker as shown. 


By applying these simple principles it would 
be an easy matter to construct a workable sky 
compass, but it would not be very accurate, for 
the human eye cannot define accurately the 
point of maximum light or maximum darkness. 
However, there is a simple solution to this 
problem. 


1/2 WAVE PLATE 
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Since it is easier for the human eye to perform 
this matching than to detect maximum light or 
maximum dark, accuracy is greatly improved by 
inclusion of the half-wave plate. However, with 
this system there are four “‘match points” which 
results in ambiguity. 

To eliminate this confusion, the half-wave 
plate can be attached with its axis 30° removed 
from the axis of the analyzer. The results are 
illustrated. If a match is made when the two 
sections are at the same intensity, only two 
possible combinations appear. It is a simple 
matter to determine which is the correct heading. 


KOLLSMAN SKY ComPAss. The sky compass 
used in the Air Force is produced by the Kolls- 
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315° 


Zero contrast at four match points 


A half-wave plate is attached to a portion of 
the polaroid analyzer. This plate has the 
property of rotating the plane of polarization of 
light that has been polarized in one plane, 
through an angle equal to twice the angle be- 
tween the plane of polarization of the incident 
light and one of the two optic axes of the plate. 
If plane polarized light passes through this 
“sandwich,” the relative brightness of the light 
which passes through the half-wave plate and 
that which passes around it will be different, 
depending on how the analyzer is aligned 
relative to the incident light. If the half-wave 
plate is affixed to the analyzer with its axis at 
a 45° angle, zero contrast will occur at four 
“match points’, as shown in the captioned 
illustration. 


man Company. It resembles closely the standard 
D-1 periscopic sextant and fits into the same 
mount. 


This Kollsman compass is used in a similar 
fashion to the D-1 sextant when obtaining 
headings; for example, precomputed azimuth is 
set in the azimuth counters, a match is obtained 
with the bubble and crosshairs centered, and 
heading is read against the vertical crosshair 
member. 


The recommended method for aligning the 
Kollsman is as follows: 


1. With the aircraft on the ground, obtain its 
true heading with a periscopic sextant which has 
been previously aligned in its mount. 
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Axis of half-wave plate removed 30° from axis of analyzer 


2. When the sky is clear overhead and the 
sun’s altitude is less than 30° and preferably 
near 0°, insert the sky compass into the mount 
and take a heading reading. 


3. If this heading does not agree with that 
established by the sextant, the optics within 
the sky compass must be aligned. This is done 
by rotating the optical barrel on top of the 
bubble chamber until the correct heading is 
indicated. 


4. The barrel is then secured by tightening 
the locking ring at its base. 


NAVIGATION IN THE POLAR AREAS 


Map Reading 


DIFFICULTIES. On a daylight flight over a 
well-charted, snowfree area having a number of 
visible prominent features, polar navigation is a 
matter of simple map reading with no unique 
problems. However, these conditions are com- 
paratively rare in polar regions. 


There are relatively few established aids to 
navigation or cultural features in high latitudes. 
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In many areas charts are far from adequate 
because of lack of surveys. Features of the terrain 
are not shown, or incorrectly shown as to location 
or shape. Some areas are characterized generally 
as having “‘many lakes,’”’ instead of in detail. 
Even in accurately charted areas, the large 
number of features having similar characteristics 
is confusing. Over low, flat land having poor 
drainage because of underlying permafrost, for 
example, the lakes and ponds in seemingly end- 
less number appear distressingly alike. However, 
although polar charts are generally inadequate 
for pinpointing, they usually provide an indica- 
tion of the general area of the flight, for certain 
regions do have distinctive features. For instance, 
no experienced polar navigator would be likely 
to confuse the rugged, fiord-indented southern 
coast of Ellesmere Island with the flat, relatively 
straight southern coast of Cornwallis Island a 
short distance to the northwest. But the various 
fiords of southern Ellesmere look very much 
alike, particularly in winter. 


Even accurately surveyed areas can be con- 
fusing when snow blankets land and nearby sea 
ice. Lakes and rivers disappear, except to a 
well-trained, experienced eye, irregularities in 
the land surface are obliterated and low coast 





lines with varying widths of attached sea ice 
appear distorted or nonexistent. If whiteout 
occurs, all surface features become undistinguish- 
able, and even the horizon disappears. During 
these extreme conditions, map reading by visual 
observation is not possible. During clear weather, 
mirages are frequent and varied. 


Surface features are frequently obscured by 
low clouds or fog, and sometimes by blowing 
snow. While blowing snow seldom extends to 
heights of more than a few hundred feet, it is 
generally sufficiently dense to obliterate surface 
features and make landing hazardous. It may 
extend over a considerable area and last for 
several days. 


Where radar is used, the picture may change 
with the season. Other electronic aids are not 
too reliable, or are subject to limitations. 


FAVORABLE CONDITIONS. Although map read- 
ing is generally more difficult in polar regions 
than elsewhere, not all characteristics of high 
latitudes are unfavorable. During the summer, 
when map reading is most reliable, continuous 
daylight is available. If the surface is not 
obscured, visibility is generally excellent. During 
fall and spring, long twilights occur. Even during 
the winter the general features of the surface 
are often visible, for the snow cover provides an 
excellent reflector of light from the stars and 
aurora. The winter full moon is near that part 
of the ecliptic occupied by the sun during the 
summer, circling the sky at sufficient altitude 
to illuminate surface features. 


ELECTRONIC NAVIGATION 


PROPAGATION IN HIGH LATITUDES. In general, 
electromagnetic propagation in polar regions 
follows the same principles that apply elsewhere. 
However, certain deviations occur, and these 
should be understood for maximum effective 
use of electronics in high latitudes. 


The most disruptive effects are associated 
with zonospheric disturbances, one aspect of the 
more familiar magnetic storms. These have been 
found to be related to sunspot activity, and this 
provides a basis for predicting their occurrence. 
Warnings based upon such predictions are 
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broadcast by station WWV, National Bureau 
of Standards, Washington, D. C., and by major 
U.S. Navy radio stations. 


Severe ionospheric disturbances affect radio 
wave propagation in all latitudes, but the most 
erratic and persistent effects occur in the 
auroral zones. At distances of several hundred 
miles above the earth’s surface, the magnetic 
field surrounding the earth is believed to be 
quite uniform, and centered around two geo- 
magnetic poles antipodal to each other, one at 


NORTH AURORAL ZONE NORTH 
GEOMAGNETIC 





Auroral zone in northern hemisphere 


latitude 78.5°N, longitude 69°W; and the other 
at 78.5°S, 111°E. These are not the same as the 
magnetic poles near the surface. 


The aurora (aurora borealis in the northern 
hemisphere and aurora australis in the southern 
hemisphere) are believed to be caused by 
charged particles, perhaps electrons, ejected 
from the sun. When these particles enter the 
earth’s magnetic field, they tend to follow the 
earth’s lines of force downward toward the 
geomagnetic poles. When they encounter the 
ionosphere, they become luminous, resulting in 
the aurora familiar to the night observer in high 
latitudes. The maximum auroral activity occurs 
in two belts, each about 600 miles wide centered 
at about 1,200 miles from a geomagnetic pole 
as shown in the illustration. In these auroral 
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zones, the aurora is a common occurrence, being 
visible on nearly any dark, clear night. Fre- 
quency decreases with increased distance from 
the zones. During magnetic storms the auroral 
zones have a tendency to move to greater 
distances from the geomagnetic poles. 

When an ionospheric disturbance occurs, fad- 
ing and ionospheric absorption increases. The 
maximum usable frequency decreases, and the 


lowest useful high frequency increases. In 


extreme cases the entire band of useful fre- 
quencies disappears, resulting in radio blackout, 
which may last for as short a period as a few 
minutes or as long as several days. In the auroral 
zones higher frequencies used for communication 
have been known to be blacked out for as long 
as two weeks. The return to normal usually 
occurs first on lower frequencies, but medium 
frequencies used for loran, may be blacked out 
for several days. 


During the early stages of an ionospheric 
disturbance, the path of propagation may 
deviate erratically from normal, resulting in 
erroneous direction finder bearings and consol 
readings. 

Because of the outward shift of the auroral 
zones during magnetic storms, radio propagation 
within the belts may improve. Transmission 
along the lines of force of the geomagnetic field 
is usually of greater range than across the field. 
Very low frequencies (10-30 kc) originating 
outside the auroral zone are not appreciably 
affected by ionospheric disturbances, and propa- 
gation between 30 ke and 200 ke may even 
improve. This is believed to be due to the fact 
that during a disturbance the density of the 
lowest (D) layer of the ionosphere is greatly 
increased, acting as a wave guide for lower 
frequencies, while absorbing higher frequencies. 


In polar regions, long-range, high-frequency 
propagation is sometimes very erratic even when 
conditions seem normal, and the usual procedure 
for selection of optimum working frequencies 
for communication is not always valid. The 
shielding effect of mountains seems to be 
greater than in lower latitudes. Much is yet to 
be learned of propagation in high latitudes, and 
reports of experience to date are not always 
consistent. 
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Rapio Arps. Radio aids to navigation are of 
limited use in polar regions because of the 
difficulties already discussed and also because 
not many of them are available. 


Most radio and radar beacons are of short 
range. However, two radio beacons of over 
2000-watts power are located in the northern 
Greenland area, with reported reliable ranges of 
up to 800 miles. Generally, however, since radio 
bearings are particularly vulnerable to bending 
during early stages of ionospheric disturbances, 
they should be used with caution. 


Several low frequency four-course ranges are 
available in subarctic Canada and Alaska. The 
performance of these may be erratic during 
ionospheric disturbances. 


Loran is available in the Baffin Bay area, in 
the subarctic regions of the North Atlantic, and 
in the Aleutians. Some operating squadrons 
have reported favorable loran sky wave recep- 
tion up to latitude 85°N from a transmitter in 
the northern Greenland area. Because of radio 
wave propagation, geomagnetic conditions, and 
lower ionosphere, loran range is cut to approx- 
imately one-half of ranges experienced with 
loran at lower latitudes. 


Other electronic aids such as VOR, Decca, 
and Consol, are generally not available in polar 
regions. Exceptions to the general rule of 
unavailability of radio navigational aids are 
self-contained systems such as radar, and the 
radio altimeter and Doppler systems, both used 
in determining drift. 


In addition to this use, an absolute altimeter 
is valuable in making a letdown at a base not 
having a low-visibility approach system, par- 
ticularly where altimeter setting is not available. 


RADAR. Refer to the radar chapter for <¢ 
discussion of radar use in the polar regions. 


DRIFT AND GROUNDSPEED 


Drift and groundspeed can be found by any 
method available. However, since precise fixes 
are unusual in polar regions, and any fixes are 
rare over the Arctic Ocean in summer, the 
method of determining wind by simultaneous 
no-wind and ground positions is not regularly 





available. Forecast winds are not always 
reliable because of the unavailability of reports 
from an adequate number of stations. Four 
methods are in general use. 


DRIFTMETER. Visual observations of drift and 
groundspeed are made by observation of some 
prominent feature of the ice or terrain, when 
the surface is visible. However, it is not unusual 
for an undercast to obscure the surface for 
hours at a time. In addition, if groundspeed is 
to be measured, accurate determination of height 
above the feature used must be available. 
Usually this is provided by an absolute altimeter. 
When heading is being maintained by directional 
gyro, it is not good practice to fly a multiple 
drift, if the radical heading changes are likely 
to disturb the gyro drift rate. The driftmeter 
should be winterized before being exposed to 
extreme temperature. The B-3 and B-6 drift- 
meters supplied for aircraft operating in polar 
regions are generally winterized to operate in 
temperatures as low as —65°F. The power and 
functioning of this instrument should be checked 
and the lenses cleaned before use. The gyro 
should be started and allowed to warm up for 
half an hour before being uncaged. The reticle 
light should be adjusted to the proper intensity 
before the aircraft is exposed to low tempera- 
tures, because the rheostats are difficult or 
impossible to turn when cold. 


RADAR. By means of radar a prominent 
feature can be tracked even though an undercast 
obscures the surface to visual observation. The 
results obtained by radar should check closely 
with those by driftmeter if a good target is 
selected and a careful reading is made. Over pack 
ice, a dark area is generally preferable to a light 
area, because the bright area is likely to change 
more as the aspect changes, and may even be 
lost as the target is passed and the opposite side 
is illuminated. 


PRESSURE. Average drift over a period of time, 
usually half an hour, can be obtained by the 
formula developed by Dr. John C. Bellamy. 
This pressure or “Bellamy” drift is normally 
available only over the sea, and there only if 
both absolute and barometric altimeters are 
available. Giving an average over a period of 
time rather than a nearly simultaneous value, 
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Bellamy drift ‘is useful for dead reckoning. 
However, its accuracy decreases with increased 
curvature of the isobars. 


DOPPLER. Both groundspeed and drift can be 
measured by the Doppler effect (change of 
frequency) when two or more beams of radio 
energy are directed downward at appropriate 
angles from the aircraft, and the returning 
echoes from the surface are interpreted by 
suitable airborne equipment. Some aircraft 
engaged in polar operations have been provided 
with this equipment. 


FLIGHT PLANNING 


Flight planning is important to safe navigation 
anywhere. In polar regions added considerations 
increase its value and sometimes save lives. 
Planning for polar flights includes all the 
elements of planning for flights in lower latitudes, 
but with increased emphasis on thoroughness, 
and with several additional factors. 


Route Selection and Flight Plan 


In planning for a flight, selection of a route 
must be given careful consideration. Sometimes 
slight alterations will permit use of prominent 
check points that will serve to establish position 
during the flight. If the destination is a poorly 
landmarked one without a beacon or other aid 
to navigation, the flight might be planned to 
proceed first to a prominent landmark nearby. 
Another factor to be considered in selection of a 
route is map and chart coverage. The route 
should be planned over areas that have been 
charted. 


When the route has been selected for destina- 
tion, consideration of a route to an alternate 
should be given the same care as the route to 
destination, because of the limited alternates 
available in polar areas. The lack of adequate 
facilities for predicting the weather over large 
portions of the polar regions may result in the 
closing of destination due to weather. The same 
may hold true for the alternate, so a constant 
check on weather conditions en route can prove 
to be of great value. 
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FLIGHT PLAN. When starting to preflight the 
route, the decision should be made as to whether 
true or grid directions are to be used, and if both, 
where the changeovers are to occur. A change- 
over from true direction to grid direction should 
be at some prominent landmark. When com- 
pleting the flight plan, it should be noted if 
weather predictions are given for true or grid 
winds for the route. A check with the weather 
station can also help in determining at what 
altitude the flight may be flown, for instance, 
planning to stay above an overcast in order to 
have celestial bodies available for heading 
checks and positioning. One other important 
item in a flight plan is fuel planning. Fuel for 
the route, for the necessary reserve, for an 
alternate, and for holding should be computed 
so a check can be made to insure that sufficient 
fuel is aboard the aircraft. In the computation 
of the fuel, a check should be made as to the 
fuel required (depending upon the command) 
for reserve alternate and holding. Fuel require- 
ments for flights in the polar area will differ 
somewhat from those in lower latitudes. 


ALTITUDE OBSERVATIONS AND HEADING 
CHECKS. Once the route has been selected and 
the flight plan completed, attention should be 
given to the celestial bodies available, and a 
schedule of altitude observations and heading 
checks should be made in advance. The avail- 
ability of the moon or a planet in a favorable 
position for observation is of particular im- 
portance during periods of twilight. The position 
of the track with respect to the twilight belt is 
of prime importance. 
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It is sometimes possible to avoid long periods 
of twilight by altering the takeoff time by several 
hours, or by changing the order of passing 
check points (as by reversing the direction of a 
round-robin flight). If long periods of twilight 
cannot be avoided, the flight may be planned so 
that prominent, accurately mapped, visual or 
radar check points may be available during the 
period, and it might be possible to encounter 
twilight in an area where the magnetic compass 
is comparatively reliable. 


Necessary equipment depends upon the area 
over which the flight is to be made and the 
conditions to be encountered. For instance, if the 
flight is to continue for any considerable period 
during twilight, a sky compass is a valuable 
instrument, but in an all-darkness flight, it is 
useless. Some commands have a minimum re- 
quirement of navigational equipment for aircraft 
flying into polar areas. Preflight check of equip- 
ment should be thorough and detailed, to 
determine if the required navigational equipment 
is present and functioning properly. Technical 
orders of navigational equipment should be 
checked for cold weather operation procedures 
to insure proper use of the equipment. 


The division of responsibility between various 
navigators and between navigational and other 
personnel should be carefully worked out and 
clearly understood by all crew members in 
advance. Teamwork and cooperation are of 
great importance during polar flights, partic- 
ularly on long flights when fatigue becomes a 
factor. 


Advanced 





Instruments 


The solution of a navigational problem can 
be only as accurate as the information used in 
solving it. Most of this information is obtained 
from instrument readings. It is therefore impor- 
tant that the navigator know how to get the 
best results from the instruments available. 
Experience has shown that the more successful 
navigator not only knows how to read the 
instruments accurately but also understands the 
internal functions and calibration procedures. 
Some of the instruments discussed in this chapter 
have already been explained in previous chap- 
ters. However, more detailed explanations, 
together with calibration and operating proce- 
dures, are given here. 


DRIFTMETERS 


B-3 Driftmeter 


The B-3 driftmeter is a gyro-stabilized optical 
instrument used to determine drift, azimuth of 
fixed ground objects, and data from which 
groundspeed, and wind direction and velocity 
can be computed. 


COMPONENTS 


The basic components of the instrument in- 
clude the reticle, the gyroscope assembly, and 
the optical system. 


Reticle. The reticle is a horizontally mounted, 
ground glass plate with a grid etched on it. It 
is mounted in the reticle support that is secured 
to the top of the gyro assembly. 


Gyro Assembly. The gyro assembly consists of 
an electrically driven gyroscope operating on 
110-volt, 400-cycle AC. At low temperatures a 
small transformer supplies 220 volts to the gyro 
momentarily to enable it to reach operating 
speed in a shorter time. The gyro assembly also 
contains the erection and caging mechanisms. 


Optical System. The optical system provides 
for a choice of either a one-power or three- 
power eyepiece, and the necessary optics to 
make the combined image of the ground objects 
and reticle visible at the eyepiece. 


OPERATING PRINCIPLES. Light from the ob- 
served ground objects enters through the drift- 
meter barrel which projects from the bottom of 
the aircraft and, through the optical system, is 
made to appear in coincidence with the reticle 
image in the eyepiece. The grid is illuminated 
by a three-volt lamp controlled by the rheostat 
on the top of the gyro housing. 


Drift is read by aligning the grid lines with 
the line of motion of the ground objects. 


Groundspeed is obtained by timing an object 
from the front grid line to the rear grid line 
or by using the trail angle method. The K-factor 
for 0° trail angle is stamped on a plate on the 
gyro housing. 


IN-FLIGHT MAINTENANCE 


1. If the reticle cannot be seen, first try 
adjusting the rheostat and check the power 
source. If the reticle is still not visible, change 
the 3-volt lamp on top of the gyro housing. If 
no spare bulb is available, remove the bulb and 
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hold a flashlight over the receptacle and read 
drift in the usual manner. 


2. If the gyro is wobbling or tumbled, check 
the power source and the gyro switch. If this 
does not help, cage the gyro and read drift 
in the normal manner. 


3. If the optics fog up, turn the driftmeter so 
the prism faces forward (RB-000°). If the optics 
continue to fog up, nothing else can be done 
other than changing altitude, which may or 
may not solve the problem. 


B-6 Driftmeter 


The B-6 is an improved gyro-stabilized drift- 
meter. The improvements over the B-3 drift- 
meter include: 


1. Larger focus control. 


2. A warning light to show when the drift- 
meter is caged. 


3. An improved filter control that permits 
various degrees of shading. After the sun shade 
is inserted by using the shade lever, rotating 
the knob control will vary the degree of shading. 


4, Larger caging control. 


5. Power is supplied through slip rings 
thereby eliminating the possibility of breaking 
the power cord. 


6. Better illumination of the reticle. Three 
bulbs wired in parallel provide better illumina- 
tion and eliminate the possibility of the drift- 
meter becoming useless if one bulb burns out. 


7. Gyro stabilization has been improved by 
using a higher speed gyro. 


8. Larger desiccant units help prevent fogging 
of the optics system. 


OPERATING PROCEDURES 


1. Turn on the driftmeter with the power 
switch. The switch has three positions, left is 
208 volts, center is off, and right is 115 volts. 
The switch has a guard to prevent it being 
placed in the 208-volt position. 


2. Wait approximately 10 minutes for warm- 
up before uncaging the gyro. 
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3. Adjust the brightness of the reticle with 
the rheostat. 


4. Adjust the focus with the focus control. 


5. Uncage the gyro with the gyro caging con- 
trol located on the underside of the gyro housing. 
A red light on top of the gyro housing comes 
on when the gyro is caged. The gyro should be 
caged at all times when the driftmeter is not 
being used, and during other than straight and 
level flight. 


6. Use the azimuth drive knob to align the 
reticle with objects on the ground to determine 
drift. To allow the driftmeter to rotate freely, 
pull the knob out and move the shaft horizontally 
along the slot. To re-engage, reverse the move- 
ments. 


7. The trail angle knob controls the line of 
sight. There are detents at 0°, 50°, and 70.9°. 
The K-factor for groundspeed by timing using 
the 0° trail angle is stamped on a plate attached 
to the gyro housing. 


8. The filter selector inserts either a polarized 
or clear filter in the field of vision. 


IN-FLIGHT MAINTENANCE. If the reticle is not 
visible, turn up the rheostat and check the 
power source. If this does not help, check the 
reticle lamps. Since the three bulbs are wired 


in parallel it is unlikely that all three will burn 


out at once. However, if it is necessary to replace 
the lamps, remove the lamp holder by turning 
it counterclockwise. Do not remove the lamp 
holder unless the gyro 1s caged. Replace the lamps 
and reinsert the holder in the driftmeter. 


DRIFTMETER ALIGNMENT 


The accuracy of drift and groundspeeds by 
timing depend upon the alignment of the drift- 
meter. Driftmeter alignment can be stated 
simply as making the zero axis of the driftmeter 
parallel to the longitudinal axis of the aircraft. 
In addition, the vertical alignment of the drift- 
meter optics must be checked. 


To ALIGN THE DRIFTMETER 


1. The longitudinal axis of the driftmeter is 
established by dropping a plumb line from the 
nose and tail of the aircraft and marking a spot 
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on the ramp directly beneath each plumb bob. 
The two points are connected with a chalk line. 
This line represents the longitudinal axis of the 
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3. Lay a line parallel to the longitudinal axis 
of the aircraft that passes through the spot 
directly under the driftmeter. The method of 
doing this is shown. 






4. With the trail angle set at zero, sight 
through the driftmeter and turn the azimuth 
knob until the reticle drift lines are parallel to 
the line on the ground. 


5. The driftmeter azimuth should read 0° or 
180°. If it does not, loosen the mounting screws 
of the pointer and move it to zero. Tighten the 
Screws. 


LOOSEN SET SCREWS AND 
SET POINTER ON 180 
— AFTER DRIFT LINES ARE 
ALIGNED WITH CHALK LINE 





SWING ARC FROM POINT 
TO AXIS LINE TO DETERMINE 
PERPENDICULAR DISTANCE 





To align the pointer 
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To CHECK THE ALIGNMENT. After the drift- 
meter has been correctly aligned by the method 
described above, turn the trail angle knob to 
the rearmost position so that the bottom of the 
aircraft can be seen. Select some permanent, 
inflexible object on the bottom of the aircraft 
that can be seen in flight. Align the center grid 
line with the center of the object and note the 
bearing on the azimuth scale of the driftmeter. 
Record this value in a spot close to the drift- 
meter. When it is desired to check the accuracy 
of the driftmeter, sight on the object that was 
previously selected on the bottom of the aircraft 
and compare the bearing with the recorded 
bearing. Any difference between the two must 
be applied to the drift reading as a correction 
unless the pointer is realigned as in step 5 of the 
alignment procedure. Other methods of checking 
the alignment follow. 


USING THE ASTROCOMPASS. The alignment of 
the driftmeter may be checked by using the 
astrocompass in the following manner: 


1. Align the astrocompass. 

2. Set 90° on the latitude scale. 

3. Set N at the true heading index. 
4. Level the astrocompass. 

5 


. Align the sight with a distant object by 
using the LHA knob. 


6. Read the relative bearing at the white true 
bearing index. 


7. Align the center drift line with the same 
object by using the azimuth and trail angle 
knobs. 


8. Read the relative bearing at the azimuth 
index. 


9. If the values are not the same, loosen the 
index screws and set the azimuth index on the 
correct value. 


USING THE PERISCOPIC SEXTANT. Following 
are the steps for aligning the driftmeter by 
using the periscopic sextant: 


1. Align the mount. 
2. Set 000° in the true bearing window. 
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3. Sight on a distant object by aligning the 
bubble and object with the vertical crosshair. 


4. Read the indicated bearing of the object. 


5. Repeat steps 7, 8, and 9 given in the 
astrocompass method. 


VERTICAL ALIGNMENT. The accuracy of 
groundspeeds obtained on the driftmeter depend 
upon the accuracy of the K-factor and the 
vertical alignment. The zero trail angle K-factor 
is determined by the angle between the front 
and rear speed lines on the reticle and may be 
slightly different for each driftmeter. Both the 
zero trail angle K-factor and the standard 
K-factors for 0-50, 50-70.9, and 0-70.9 trail 
angles are affected by the vertical alignment of 
the driftmeter optics. 


CHECKING ZERO TRAIL ANGLE K-FACTOR 
AcCURACY. The K-factor is usually stamped on a 
plate which is fastened to the gyro housing. 
However, it may be that the driftmeter does 
not show the K-factor or that the K-factor given 
produces inaccurate groundspeeds. The K-factor 
can be determined as follows: 


1. Find the reticle angle, which is the angular 
separation of the outer groundspeed lines on the 
reticle, by observing a ground object. Turn the 
trail angle knob until the sighted object is first 
on one groundspeed line and then on the other. 
The difference between the two readings on the 
trail angle dial is the reticle angle. 


2. Determine K from the formula 

meee angle 1.184 

or from the table (1.184 in the formula is the 
constant for knots). 


K =tan 


CHECKING THE VERTICAL ALIGNMENT 


1. Set the trail angle knob on zero. 


2. Note a spot on the ramp directly under the 
center groundspeed line. 


3. Rotate the driftmeter 180°. If the drift- 
meter is in correct vertical alignment, the spot 
will still be under the center groundspeed line. 
If it is not, turn the trail angle knob until the 
center line is over the spot. Note the number of 
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trail angle K factor in the “plus” or “minus” 
column, whichever is applicable. At the same 
time, find the 0° trail angle K factor correction 
in column four. The 0° trail K correction is 
always added to the 0° trail K factor. 


B-5 Driftmeter 


The B-5 driftmeter is one of the earlier instru- 
ments for determining drift and groundspeed. 
Unlike the B-3 and B-6 driftmeters, the B-5 is 
not gyro-stabilized and is not normally used to 
take bearings on objects. The great advantage 
of the B-5 is its simplicity of construction 
which makes it less apt to malfunction. 


COMPONENTS. The B-5 driftmeter consists of 
an optical system, a pantograph mechanism, 
and a groundspeed computer. 


Optical System. The optical system consists of 
a simple lens system encased in a metal tube 
extending out the side of the aircraft. The line 
of sight is approximately 15° away from the 
vertical. | 


Pantograph Mechanism. The pantograph mech- 
anism consists of a pencil holder linked with a 
tracking needle through a system of hinged arms. 
The needle has luminous paint on the tip for 
drift reading at night. A movable drift card 
mounted under a ground glass plate turns with 
the reticle and drift pointer. 


Computer. The computer consists of two 
circular scales. The outer scale is calibrated in 
hundreds of feet. The inner scale is calibrated 
in seconds. The groundspeed is read on. the 
outer scale over the index on the inner scale. 
Indexes for both miles per hour and knots are 
provided. 


OPERATION. 
1. Insert a soft lead pencil in the pencil holder. 


2. Select an object on the ground; move the 
pencil holder until the needle point is on the 
object and keep tracking the object with the 
needle point. The line of motion of the object 
will be drawn on the ground glass plate. Repeat 
this process until two to six objects have been 
tracked. 
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3. Move the drift card until the Grid lines 
parallel the tracks on the ground glass. Read the 
drift on the drift scale. When flying at low 
altitudes it may be difficult to track ground 
objects with the needle. In this case disregard 
the pencil and, by moving the drift card, align 
the reticle lines with the line of motion of the 
ground objects. Read drift on the drift scale. 


SUMMARY 


The B-8, B-6, and B-5 driftmeters are used 
for determining drift and groundspeed informa- 
tion. In addition, the B-3 and B-6 may be used 
for determining bearings of objects from the 
aircraft. For the information to be accurate, the 
alignment of the driftmeter must be checked 
periodically. 


The alignment of the B-3 and B-6 driftmeters 
can be checked by constructing lines on the 
ground beneath the aircraft that are parallel to 
the longitudinal axis of the aircraft. Then, by 
aligning the drift lines with the lines on the 
ground, the accuracy of the driftmeter is 
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determined. The alignment of the B-3 and B-6 
ean also be checked by comparing bearings 
obtained with the driftmeter with bearings 
obtained with the astrocompass or the periscopic 
sextant. At the time of the alignment, the 
navigator should determine and record the 
bearing of some object on the aircraft. If this is 
done, the alignment of the driftmeter can be 
made in flight by checking the bearing of the 
object. 


Another item that should be checked on the 
B-3 and B-6 driftmeter is the K-factor. This can 
be done by using tables or by solving a math- 
ematical formula. 


Alignment of the driftmeters insures the 
accuracy of the drift readings. These drift 
readings are used to determine an accurate 
track. To determine an accurate wind it is also 
necessary to have accurate heading information. 
This heading information comes from the 
compass. The next section discusses the B-16 
or ‘‘standby”’ compass, and following that there 
is material on the remote indicating compasses 
and the astrocompass. 





MAGNETIC COMPASSES 


B-16 Magnetic Compass 


The B-16 magnetic compass indicates the 
heading of the aircraft with reference to the 
earth’s magnetic field. Since the compass re- 
quires no power except for the scale illumination 
lamp, it is practically foolproof and serves as a 
standby compass for emergency use and for 
checking ambiguities in other compass systems. 


COMPONENTS. The B-16 compass consists of 
the following units: the case, the card element 
containing the magnets, the jewel post unit, the 
lubber line, the lens, the expansion unit, the 
compensator, and the lighting system. The entire 
case is filled with a liquid to dampen the oscilla- 
tions of the card. A cutaway view of the compass 
is shown. 


The card element is graduated into five-degree 
increments of magnetic heading. The cardinal 
headings are indicated by N, E, S, and W, while 
each thirty-degree increment is labeled numer- 
ically. The magnets are so arranged that their 
axes are parallel to each other and to the north- 
south axis of the card. 


Mounted in the case behind the lens is the 
lubber line for reference when reading the com- 
pass. The line is placed as close to the card as 
practical to reduce parallax error. A plane 
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passing through the lubber line and the center 
of the pivot is made parallel to the longitudinal 
axis of the aircraft when the compass Is installed. 


The lens is flat and permits sixty degrees to be 
seen on the compass card. 


The damping liquid is kerosene or any other 
liquid that is free of moisture, acidity, glue, 
suspended matter, or other impurities. 


The cardinal points, numerals, graduations, 
and lubber line are painted with luminous paint 
so that under average night flying conditions 
they are visible without the aid of artificial 
light, even though such a pen is Incorporated in 
the system. 


OPERATING PRINCIPLES. The B-16 compass 
depends on the earth’s magnetic field for its 
operation. A pair of magnets attached to the 
card assembly align themselves with the earth’s 
magnetic field. 


The card and magnets are attached to a float 
assembly which in turn pivots on a hardened 
steel pivot supported by a spring-mounted jewel. 
The spring absorbs any external vibration. 


Since the magnets are rigidly attached to the 
card and float assembly and tend to remain 
parallel to the earth’s magnetic field, the head- 
ing may be read from the compass card with 
the lubber line as a reference. The lubber line 
represents the longitudinal axis of the aircraft. 


CONTACT AND 
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The jewel-mounted card is contained in an 
airtight case which is filled with a damping 
liquid. The expansion unit at the rear of the 
case allows the liquid to expand and contract 
with changes in temperature. 


A compensator is provided to correct the 
compass for the effects of local magnetic inter- 
ference in the aircraft. 


The lighting system lights the card and lubber 
line by means of an easily replaceable lamp. 


The magnetic compass is subject to certain 
limitations and functional errors due to the 
action of the earth’s magnetic field on the 
compass when the aircraft is in flight. A compass 
ecard when installed in an aircraft acts as a 
pendulum and as such is subject to the combined 
forces of gravity and acceleration. The effect of 
gravity is to keep the card in a horizontal plane, 
while the effect of acceleration is to tilt the 
eard from its normal horizontal position. When 
the card is tilted, the vertical component of the 
earth’s magnetic field exerts a directive force 
on the card that tends to deflect the north-south 
diameter of the card from the magnetic meridian, 
thereby introducing errors in the indications of 
the compass. 


Because of its pendulous action during turns, 
the card assumes a position which is perpendic- 
ular to the resultant of the combined forces of 
gravity and acceleration. The direction of this 
resultant force is known as the apparent vertical 
and is the direction a plumb bob would assume 
if installed in an aircraft. In correctly banked 
turns, the apparent vertical is perpendicular to 
the floor. The amount that the apparent vertical 
differs from the true vertical depends upon the 
angle of the bank, which in turn depends on the 
speed of the aircraft and the radius of the turn. 
The amount the card is deflected from the 
meridian depends on the angle of bank, the 
duration of the turn, and the period of the card. 


As the aircraft makes a complete turn, the 
vertical component tends to deflect the compass 
card from the magnetic meridian as follows: 
from north to east, in the direction of the turn; 


from east to south, opposite to the direction of — 


turn; from west to north, in the direction of the 
turn; from west to south, opposite to the direc- 
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tion of the turn; from east to north, in the 
direction of the turn. A turn in the opposite 
direction has the same effect in each quadrant 
as given above. The turning error is most pro- 
nounced when the aircraft turns out of a 
northerly course. This error is known as northerly 
turning error. 


With the B-16 or any magnetic compass, 
electrical equipment and metal in the aircraft 
produce local magnetic disturbances which cause 
the compass needle to deviate from magnetic 
north. Deviation is minimized but not entirely 
eliminated by placing the compass in a position 
where the magnetic disturbances are at a 
minimum. It is assumed that compass north 
differs from magnetic north on most headings. 
(Note: For additional information on the B-16 
compass, refer to the appropriate technical 
order. ) 


MAGNETIC COMPASS CALIBRATION 


Since deviation is usually present, each air- 
craft compass must be calibrated; because 
deviation changes with time, the calibration 
must be repeated periodically. Calibration of 
the magnetic compass includes two processes — 
compensation and the residual swing. 


Compensation is the arrangement of small 
magnets within the compass to reduce deviation. 
However, compensation does not eliminate 
deviation altogether. Some residual deviation 
will remain. 


The residual swing is the determination of 
residual deviation. From the results of the 
swing, a deviation card is made from which 
the approximate deviation can be obtained for 
any heading. 


Compensation is usually performed by an 
instrument technician, but sometimes it may 
have to be done by the navigator. The swing 
is usually accomplished by a navigator. 


DETERMINING DEVIATION. The first step in 
compensating a magnetic compass, and the 
principal step in the residual swing, is to de- 
termine the deviation on certain headings. 
Furthermore, determining deviation is impor- 





tant on every mission, and a check should be 
made on every heading if possible. 


There are many methods of determining 
deviation. Some are used when the aircraft is on 
the ground and others when in flight. The 
relative merits of groundswinging and airswing- 
ing are discussed later. 


Every method of determining deviation de- 
pends on the comparison of magnetic heading 
(IMH) and compass heading (CH) for the same 
time. Magnetic heading can be determined by 
means of a directional gyro indicator, a sighting 
compass, or a swinging base. Bear in mind that 
magnetic heading can also be obtained by 
applying variation to the true heading (TH). 
True heading can be determined by reference to 
a celestial body, a terrestrial object, or by apply- 
ing drift correction to the track made good. 


Using the Astrocompass. Magnetic heading is 
usually obtained by applying variation to a 
true heading obtained by use of the astrocompass. 


On the ground a true heading can be deter- 
mined by reference to a distant terrestrial object 
of a known true bearing. For this the azimuth 
method is used with true bearing of the object 
set on the true bearing scale of the astrocompass. 
The true bearing of the object can be determined 
by means of a transit or by measurement on a 
chart. A terrestrial object is easier to use than a 
celestial body since its true bearing does not 
change. Furthermore, it may be visible when 
the sky is overcast. 


Read the true heading from the astrocompass 
and the compass heading from the compass. 
Then apply local variation to the true heading 
to obtain the magnetic heading. Compare the 
magnetic heading (MH) and the compass 
heading (CH) to determine the deviation. 


Using the Periscopic Sextant. The periscopic 
sextant may be used to obtain the true heading 
by the same procedures discussed in the pre- 
ceding section. The true bearing of the terrestrial 
object is set on the true bearing scale of the 
periscopic sextant. 


Using the Driftmeter. Sometimes it is con- 
venient to determine deviation with a driftmeter. 
True heading can be determined by reference to 
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some terrestrial line (such as a railroad) of known 
direction. With a B-3 or B-6 driftmeter the true 
heading can be determined with reference to the 
sun by measuring the relative bearing of the 
aircraft’s shadow. 


On an aeronautical chart, measure the direc- 
tion, or true bearing, of a straight-line landmark 
such as a road, railroad, or canal. With a drift- 
meter, measure the angle between this line and 
the true heading. By applying this angle to the 
direction of the line, the true heading is obtained. 


The angle between true heading and a line 
beneath the aircraft can be measured with any 
driftmeter, providing this angle does not exceed 
the maximum drift reading of the instrument. 
Simply align the drift lines with the terrestrial 
line and read the angle in the same way as drift. 
If the line crosses to the left ahead of the air- 
craft, its true bearing is less than the true 
heading; therefore, the angle is added to true 
bearing to find true heading. Thus, the drift 
correction read from the driftmeter is the angle 
that must be added to the true bearing to find 
the true heading. 


Using Track Made Good. If the aircraft flies 
a constant heading, the average true heading 
can be found by applying average drift correc- 
tion to the track made good as measured between 
fixes. By applying average variation to this 
true heading, the average magnetic heading is 
obtained, and by comparing the average mag- 
netic heading with the average compass head- 
ing, deviation is found. 


The accuracy of this method depends on the 
accuracy of the average instrument readings and 
on the accuracy of the fix. It is especially 
appropriate’ when doing map reading. It serves 
as a check on other methods. All navigators 
should make a practice of checking one naviga- 
tional method against another. - 


Using the Directional Gyro. The use of the 
directional gyro for swinging a compass is 
similar to the use of the B-3 or B-6 driftmeter 
for terrestrial azimuth. A physical feature of 
known bearing (e.g., a runway) is used for a 
reference line, and the aircraft is_ tracked 
parallel to this line on the initial run. While 


12-1] 


AFM 51-40 VOL Il 15 APRIL 1960 


tracking, drift is applied to obtain the true 
heading. 


The initial true heading and the compass 
heading are recorded, and the directional gyro 
is set at zero degrees. The gyro is then uncaged 
and 25 headings are flown 15° apart. The com- 
pass and gyro readings are recorded on each 
heading. Precession is determined by checking 
the compass readings on the initial and second 
headings against the compass readings on the 
24th and 25th headings. If, for example, the 
total precession for all headings was 6°, this 
value would be divided by 24 (the number of 
headings flown for direction purposes). The 
resultant 144° would be considered in the follow- 
ing manner. The total precession (6°) would be 
applied to the 24th heading; 534° applied to the 
23rd; 514° applied to the 22nd, ete. 


Using the Swinging Compass. On the ground, 
the navigator can find the magnetic heading of 
an aircraft, and deviation can be determined by 
the swinging compass shown. This is a B-16 
compass with the compensating mechanism 
removed and a split-pupil sight mounted on top. 


In the related illustration, sight is being taken 
along the longitudinal axis of the aircraft; in 
this manner, magnetic heading or its reciprocal 
is read on the sighting compass. A sighting can 
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also be made across the propellers; if so, the 
sighting compass reads magnetic heading +90°. 
Usually the sighting down the longitudinal axis 
is made in front of the aircraft. A B-16 compass 
used in that position is modified to the reciprocal 
of magnetic heading directly, and its case is 
painted red so it will not be mistaken for a 
conventional compass. 


Before using the swinging compass, check the 
alignment of the sight as follows. Lay a ruler 
flat across the face of the compass and sight 
along the straight edge at some distant object 
while someone else reads the compass. Now 
sight the same object using the sight and read 
the compass again. The two readings should 
differ by 90° if the sight is in correct alignment. 


COMPENSATION. Compensation is that part of 
compass calibration in which most of the 
deviation is eliminated. It is done by introducing 
new magnetic fields into the area about the 
compass to neutralize or change the existing 
fields. 


The B-16 compass is compensated by turning 
screws which change the position of small mag- 
nets inside the compass case as shown. The 
next illustration shows the location of these 
screws; they are under a removable plate at the 
top of the compass. Remember to use a nonmag- 
netic screwdriver when turning the screws. 
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Turning screws changes position of magnet 


The Coefficient System. The first problem in 
compensation is the determination of the correc- 
tions to be applied. The corrections are deter- 
mined by the coefficient system of deviation 
analysis. Under this system, deviation is resolved 
into components. The effect of each component 
is represented by a coefficient. 


Coefficient A 


Coefficient A is the coefficient of constant 
deviation. This error is caused by the misplace- 
ment of the lubber line of the compass. When 
the lubber line is not parallel with the longitud- 
inal axis of the aircraft, an error will exist in the 
compass indications. This error will be constant 
on all headings. 


Note that misalignment of the instrument 
used in determining the magnetic headings can 
affect the apparent value of coefficient A. For 
example, an error may result in the magnetic 
headings if the astrocompass is out of alignment, 
if the sight on the sighting compass is not 
parallel with its lubber line, or if the driftmeter 
is not properly aligned. This error in magnetic 
headings gives a constant error in deviation on 
all headings. It is essential, therefore, that the 
instruments used in determining the magnetic 
headings be aligned very carefully. 


Coefficient A is equal to the mean of the 
deviations on any number of equidistant head- 
ings. The procedure is to take the total deviation 
on the four cardinal headings and divide by 
four: 


Coefficient A = Dev N+ Dev E+ Dev S+ Dev W 
4 
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Note that these deviations are added alge- 
braically. The procedure for removing this error 
is explained in detail in a later example. 


Coefficients B and C 


Coefficients B and C are known as the coef- 
ficients of semicircular deviation. They are 
caused by subpermanent magnetism induced in 
the hard iron of the aircraft. Semicircular 
deviation has one algebraic sign for approx- 
imately 180° of the compass rose. The deviation 
will be plus for approximately half the compass 
rose and minus for the opposite half. 





NON-MAGNETIC SCREWDRIVER 





COMPENSATING 
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Compensating screws are on face of compass 


Coefficient B is caused by the magnetic fields 
along the longitudinal axis of the aircraft. The 
maximum effect of coefficient B is apparent on 
headings of east and west. On other headings 
the deviation caused by coefficient B is a 
decreasing fractional part of the deviation on 
east or west headings, approaching a minimum 
on north and south headings. Theoretically, this 
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force is the same on either east or west headings 
and should cause equal, but opposite, deviations 
on the two headings. The deviation on the west 
heading is subtracted algebraically from the 
deviation on the east heading: 


Coefficient B = (Dev E) — (Dev W) 
2 


The type of curve coefficient B will produce if 
plotted on a graph is illustrated. 


Coefficient C is caused by the magnetic fields 
along the lateral axis of the aircraft. The 
maximum effect of coefficient C is a decreasing 
fractional part of the deviation on north and 
south headings, approaching a minimum on 
headings of east and west. Theoretically, the 
deviation on north and south headings should 
be equal but of opposite sign. Therefore, coef- 
ficient C is equal to the deviation on the south 
heading subtracted algebraically from the devia- 
t:on on the north heading divided by two: 


Coefficient C = (Dev N) — (Dev S) 
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iron magnetism. Quadrantal deviation is max- 
imum on intercardinal headings with the sign 
changing at each cardinal heading. No provision 
is made on the compass to compensate for 
coefficients D and E. The values of D and E 
remain as deviation error in the compass and 
their value is determined by the residual swing. 


Example of Compensation. Following is an 
example of the compensating procedure which 
must be completed before the final swing is 
performed. Deviation on the cardinal headings 
is found on the ground using either the swinging 
compass, astrocompass, periscopic sextant, or 


MAX DEFLECTION : swinging base. 
COEFFICIENT C 
COSINE CURVE oe A standard compass calibration form, AF 
| Form 57, will be used. The procedure is as 
follows: 















































1. Check the sight alignment of the swinging 
compass and select a swinging area which is as 
free as possible from magnetic influences. Set 
the B-type compass for zero compensation by 
matching the dots on the compensator screws 
with those on the instrument case. 


2. Head the aircraft within 5° of east by its 
own compass. Allow time for the compasses to 
settle, then read them. Determine the magnetic 
heading by means of the sighting compass. For 
example, suppose the magnetic heading deter- 
mined by the sighting compass is 087° and the 
compass heading is 090°. Enter the magnetic 
heading in its proper space in the first column 
of AF Form 57, labeled ‘‘Actual Heading (M),” 
and the compass heading beside it in the column 
labeled “Aircraft Comp,” as shown. 


3. Repeat this procedure on the other three 
cardinal headings. 


4. Caleulate the deviation and its correct 
sign for each heading. The deviation and its 
sign are determined by subtracting the compass 
heading of the aircraft from the corresponding 
magnetic heading read from the sighting com- 
pass. The deviation with the correct sign is 
entered in the column labeled ‘“‘Dev’n.’’ For 
reference purposes, the subtraction necessary 
to obtain the entries for the column are indicated 
at the bottom of the ‘‘Dev’n’”’ column. The card 
as completed thus far is shown on the right- 
hand side of the illustration. 


NOTE 





The deviation shown with the algebraic 
sign on the compass card should not be 
confused with deviation correction (opposite 


sign) that is logged in AF Form 21, Nav- 
igator’s Log. 


5. Using the recorded deviations, compute 
coefficients A, B, and C according to the for- 
mulas shown on the lower part of the form. 


6. With the aircraft headed toward magnetic 
north (within 5° by its own compass), add coef- 
ficient C algebraically to the compass reading 
on that heading to determine what the instru- 
ment should indicate when compensated. Then 








Insert the figures in the proper column 





Fill in the deviation column 
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Airswinging the compass 


using a nonmagnetic screwdriver, turn the 
compensating screw marked ‘“‘N-S’ until the 
compass indicates the correct value. For exam- 
ple, the aircraft compass reads 1° and the 
deviation due to coefficient C is +4°. To correct 
for coefficient C, make the compass read 5° 
(1°+4°) by rotating the ‘“‘N-S’’ compensator. 


7. With the aircraft headed toward magnetic 
east (within 5° by its own compass), add coef- 
ficient B algebraically to the compass reading 
on that heading to determine what the compass 
should indicate when compensated. Make the 
compass indicate the compensated value by 
adjusting the ‘“‘E-W”’ compensating screw. For 
example, the aircraft compass reads 90° and 
the deviation due to coefficient B is +2'%4°. To 
correct for coefficient B, make the compass 
read 9214° (90°+214°) by rotating the “E-W” 
compensating screw. 


8. With the aircraft on any heading, add 
coefficient A algebraically to the reading on the 
compass on that heading in order to determine 
what the instrument should read when com- 
pensated. Make the compass indicate the 
compensated value by rotating it bodily clock- 
wise if A is negative and counterclockwise if A 
is positive. For example, the aircraft compass 
reads 921%° after the correction made in the 
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preceding paragraph. To correct for coefficient 
A, make the compass read 8914° by rotating the 
compass bowl counterclockwise 3°. 


The correction of the three coefficients A, B, 
and C completes the compensation of the 
compass. The compass is now ready for the 
final swing. 


Swinging the Compass. Some deviation will 
remain after the compass has been compensated. 
Each compass should have a deviation card 
which shows at a glance the approximate 
deviation on any heading. The pilot normally 
uses the card for deviation. The navigator, 
however, should check deviation for himself 
whenever possible, since there is a possibility 
that the deviation may have changed since the 
card was made. 


Residual deviation should be small. If it 
exceeds 8°, the position of the compass should 
be changed. If this does not help, the compass 
should be replaced. 


The first step in completing the deviation card 
is to find the deviation on a series of headings; 
that is, swing the compass. Usually deviation 
is found on 24 headings as illustrated. The order 
in which the headings are taken varies with the 
method of swinging. 


The compass can be swung either on the 
ground or in the air. When the compass is 
groundswung, the aircraft can be taxied from 
One heading to another in numerical sequence. 
In airswinging, however, the sequence of head- 
ings, or the pattern flown, depends on the 
method of swinging. In using the terrestrial 
line method, fly back and forth over the line. 
This can be accomplished by making successive 
turns of 15°. Turns usually are made to the 
left since that is the pilot’s side. When using the 
astrocompass, fly a polygonal pattern, flying 
the 24 headings in numerical succession and 
making 15° turns as in the illustration. To stay 
closer to the locality for which azimuth or LHA 
have been calculated, fly two smaller polygons, 
making 30° turns. 


Groundswinging. During flight the heading and 
instrument readings may fluctuate. The com- 
pass may not be read simultaneously with the 
astrocompass or driftmeter, and the readings 
may not be taken on exactly the same heading. 
On the ground, the heading remains steady and 
the instruments can be read more accurately. 
Furthermore, a groundswing can be performed 
more quickly than an airswing and can be done 
with the help of a crew chief if a pilot is not 
available. 


Deviation is affected by many factors both 
in and around the aircraft. This is the principal 
disadvantage of the groundswing. This can be 
partially overcome by simulating flying con- 
ditions as nearly as possible during the ground- 
swing. The engines should be running at a 
normal rate with all electrical equipment turned 
on and all equipment in its proper position. 
Even so, it is not possible to raise the landing 
gear during the groundswing, and some aircraft 
are not in a normal flying attitude when on the 
ground. These two factors can affect deviation. 
Whether a properly conducted groundswing 
gives satisfactory results depends on the type 
of aircraft and the position of the compass. 


A groundswing should be conducted where 
local disturbances do not affect the compass. 
Make a check for local disturbances by taking 
bearings on a distant object with a swinging 


AFM 51-40 VOL If 15 APRIL 1960 


compass from different positions in the swing- 
ing area. These bearings should be relatively 
constant. This method frequently does give 
good results. 


Airswinging. Prepare for the compass swing 
before going to the aircraft. Obtain or prepare a 
form for recording the data. A form will insure 
the orderly recording of the data. If a celestial 
method is to be used, prepare a graph or table 
of the azimuth or LHA of the sun over the 
period during which the swing will be conducted. 
This saves time and effort during the swing. 
However, be sure to take an almanac along in 
case the time of the flight is changed. 


Brief the crew before the swing. Be sure each 
man knows what to do. Explain the flight 
pattern to the pilot and emphasize the im- 
portance of holding headings. All compasses in 
the aircraft should be swung at the same time, 
sO One man should be assigned to read each 
compass. Be sure he knows how to read it. 
After performing the swing, use the information 
obtained to prepare a deviation card. 


The Deviation Card. The first step in the 
preparation of a deviation card is the construc- 
tion of a curve of deviation against magnetic 
heading. Make the magnetic heading scale 
horizontal. The scale ratio should be about 1° 
of deviation to 15° of magnetic heading. After 
plotting the points, draw a smooth curve to fit 
them as shown. Do not try to make the curve 
go through all points. 


This curve serves two purposes. Since the line 
does not pass through all plotted points, it 
tends to average out any values which are in 
error. Notice that the curve shows deviation for 
any particular magnetic heading whether or not 
you actually found the deviation on that head- 
ing during the swing. 


Fill out the deviation card (Form 57) with 
reference to the curve. In the “‘C to M”’ column 
enter the deviation as taken from the curve. In 
the ‘““M to C”’ column, enter deviation with the 
reverse signs. For the navigator’s compass it is 
better to have a card showing deviation at 
smaller intervals of magnetic heading. A small 
replica of the curve may be preferred to the 
card. 
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SUMMARY 


Even though there are several types of mag- 
netic compasses used in aircraft, they all have 
the same basic characteristics. One of the most 
important characteristics is that a compass 
needle is affected by other magnetic fields be- 
sides that of the earth. A piece of iron close to 
the needle tends to deflect it from magnetic 
north. Electrical equipment near a compass can 
also deflect the needle. The deflection of the 
compass needle away from magnetic north is 
called demation. 


Since deviation is usually present, each air- 
craft compass must be calibrated; because 
deviation changes, the calibration must be re- 
peated periodically. There are many methods of 
finding deviation, but all methods depend upon 
the comparison of magnetic heading and com- 
pass heading for the same time. 





eee et Oe 
Wit ale 





There are two processes in calibrating the 
magnetic compass; compensation and the resid- 
ual swing. Compensation is usually performed 
by an instrument technician, but sometimes it 
may be necessary for the navigator to do it. 
The swing is usually performed by the navigator. 


The residual swing is used to determine the 
deviation remaining in the compass after com- 
pensation. From the results of the swing, a 
deviation card is made from which the approx- 
imate deviation for any heading can be_-read. 


REMOTE-INDICATING GYRO-STABILIZED 
COMPASSES 


Magnetic compasses such as the B-16 have 
three main disadvantages. In order to be in 
sight of the navigator or pilot, they must be 
installed where the magnetic disturbances of the 
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aircraft are the greatest, they are unstable and 
difficult to read, and they are usable only when 
the aircraft is flying relatively straight and level. 


The remote indicating compass overcomes the 
first disadvantage by placing the magnetic 
element in a remote part of the aircraft such as 
the wing tips or the vertical stabilizer. The pilot 
and navigator are then provided a _ heading 
indication from the same magnetic element. 


The instability of the magnetic compass has 
been overcome by the addition of a gyro to the 
system. The gyro is used differently in the 
several compass systems, but in every system 
its primary purpose is to add stability to the 
compass indication. 


The Magnesyn, Flux-Gate, J-2, N-1, and J-4 
compass systems will be discussed in this section. 


COMPONENTS. There are three basic com- 
ponents of all remote-indicating gyro-stabilized 
compasses that must be understood before the 
action of the compass systems can be understood. 
These are the synchro systems, the flux valves, 
and the gyros. 


SYNCHRO SYSTEMS. The synchro system makes 
the remote-indicating compass possible. The 
magnetic direction sensed at a place where the 
magnetic disturbances are least must be repro- 
duced at a repeater in the crew compartment. 
A mechanical connection between the compass 
transmitter and the indicator would be nearly 
impossible and certainly undesirable. Through 
the use of a device called a synchro the magnetic 
direction is converted into an electrical signal. 
The signal is then fed to a similar synchro in 
the indicator where the electrical signal is 
converted into a mechanical movement of the 
indicator needle. 


Synchros are known by several trade names 
such as Selsyn, Autosyn, Microsyn, etc., but all 
operate on the same basic principle. Synchros 
are widely used in navigation equipment; there- 
fore, the navigator should know the basic 
principle involved, and the action of the com- 
mon types of synchros. This section will cover 
the simple synchro, transmitter-repeater synchro 
system, differential synchros, and control 
synchros. 
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Simple Synchro. The simple synchro has two 
components: the stator and the rotor. The stator 
is fixed to the case of the device and usually has 
three windings or coils. The rotor is free to 
rotate within the stator and usually has one 
winding. The number of windings on the stator 
and rotor vary for different applications of the 
synchro. 

If the rotor coil is positioned in a given 
direction by a shaft or some other device and 
has an excitation voltage applied to it, a mag- 
netic field will be produced around it. This rotor 
field will, in turn, induce a voltage in two or more 
of the three stator coils, causing current to flow 
in the affected legs. The flow of current will set 
up magnetic fields around the various stator 
coils. The resultant stator field, which is the 
vectorial sum of the individual coil fields, 
corresponds to the rotor coil and field position. 


Transmitter-Receiver Synchro System. Two 
identical synchros are used in the transmitter- 
receiver synchro system. The windings of the 
transmitter stator and rotor are connected to 
the corresponding windings on the receiver 
stator and rotor. The field around the receiver 
stator will be identical to the resultant field of 
the transmitter stator. An excitation voltage is 
also applied to the receiver rotor. If the receiver 
rotor is not aligned with the transmitter rotor, 
the two fields will oppose each other, thereby 
creating a torque that will turn the rotor until 
it is aligned with the transmitter. 


The purpose of the transmitter synchro may 
be summarized as changing the mechanical 
position of the rotor into electrical signals by 
the action of the rotor field on the stator wind- 
ings. The resultant of the stator fields represents 
a vector. This vector is reproduced by the re- 
ceiver synchro. In the receiver, the difference in 
the stator and rotor fields produces a torque 
that turns the rotor until its mechanical position 
(direction) agrees with that of the transmitter 
rotor. If the transmitter rotor is rotated, the 
receiver rotor will follow in synchronization. 


Differential Synchros. A differential synchro is 
used to add or subtract vectors. Its action is 
analogous to that of an automobile differential. 
Three shafts are connected in such a manner 
that one shaft turns by an amount equal to the 
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difference or sum of the other two. In the 
differential synchro system an electrical input; 
that is, a vector represented by electrical signals 
and a mechanical input such as a shaft position, 
is added or subtracted and fed out as an electrical 
signal. For example, the electrical input, a 
magnetic vector from a transmitter synchro, is 
fed to the three windings of the differential 
synchro stator. The differential synchro rotor 
is positioned mechanically by the position of a 
directional gyro. The difference or sum of the 
two inputs is represented electrically by the 
voltages induced in the winding of the rotor. 
These voltages are then transmitted to the 
receiver synchro where they are used to position 
another mechanical device. Such an action as 
this is used in the N-1 compass system to be 
discussed in detail later. 


Control Synchros. Control synchros are more 
commonly referred to as control transformers 
or servomechanisms. In describing the trans- 
mitter-receiver synchro system, it was assumed 
that the two were of nearly equal size. In other 
words, the work of positioning the receiver 
rotor could be satisfactorily performed by the 
signals from the transmitter. Often more torque 
is required at the receiver synchro to perform 
the work of positioning the mechanical device. 
In this case, the misalignment of the rotor and 
stator fields in the receiver synchro is used to 
produce an error signal which is amplified and 
used to control a motor. The motor performs the 
actual work of positioning the mechanical device 
but is controlled very precisely by the synchro 
system. 

For further information on the operation of 
synchro systems refer to a good electronics text. 


REMOTE COMPASS TRANSMITTER (FLUX 
VALVE). The theory of the remote compass 
transmitter, commonly known as the flux valve, 
is basic to all remote-indicating compasses. Its 
principal of operation will be discussed here, 
and its application will be given with the dis- 
cussion of each compass system. 


The earth’s magnetic field consists of magnetic 
lines of force emerging from the region of the 
south magnetic pole and entering the region of 
the north magnetic pole. These lines of force 
are called magnetic flux. 
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In simple magnetic compasses the magnetic 
flux causes a bar magnet to align itself with the 
magnetic field. In the flux valve the magnetic 
flux causes a voltage ‘to be induced in the coils 
of a sensing unit. By aligning the coils with the 
longitudinal axis of the aircraft, direction can 
be determined from the induced voltages. 
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The principle of induction states simply that 
if a coil is cut (passed) by magnetic lines of 
force, a voltage is induced in the coil. The 
amplitude of the induced voltage depends upon 
the orientation of the coil and the flux lines. It 
follows then that the induced voltage can be 
used as a means of determining the orientation 
of the coil with the magnetic field. 
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Effect of spider on flux lines 


AFM 51-40 VOL Il 15 APRIL 1960 


In the flux valve, three coils are arranged in 
either a triangular or “‘Y’’ shape. The triangular 
or delta arrangment is used in the Flux-Gate 
compass, and the “Y”’ is used in the J-1, J-2, 
J-4, and N-1 compasses. The three-coil arrange- 
ment is pendulously mounted. It is free to swing 
in any direction within limits, but it is fixed in 
azimuth. This enables the system to express 
any heading of the aircraft as a ratio of the 
voltages induced in the three coils. 


In the actual construction, the coils are wound 
around a “‘spider’’ made of high permeability 
steel (meaning steel that can be magnetized 
easily). The spider ‘looks like a three-spoked 
wheel with segments removed from the rim. 
The rim portion on the end of each leg serves 
to collect the flux and feed them to the spoke 
around which the coil is wound. 


As stated earlier, the flux lines must be made 
to cut the coils in order to induce a voltage. 
This is accomplished by adding an exciter coil 
which is mounted vertically in the center of the 
spider. A 400-cycle alternating current is fed to 
the exciter coil. As the exciter current builds up 
in the exciter coil, a field is built up around it. 
This field changes the permeability of the spider 
so that all flux lines are excluded from the spokes 
and coils. As this is done, the flux lines are 
forced outward cutting the coils. As the alter- 
nating current cycle starts its downward swing, 
the exciter voltage is decreased and the flux 
lines are once again admitted to the spokes of 
the spider. This causes the flux lines to again 
cut the coils. The flux lines are alternately 
excluded and admitted to the spider leg twice 
for each of the 400 cycles, resulting in an 800- 
cycle voltage to the compass system. 


Since the spider is pendulously mounted, it is 
nearly always parallel to the surface of the earth 
and, therefore, detects only the horizontal com- 
ponent of the earth’s magnetic field. Of course, 
oscillation of the spider does occur as a result 
of aircraft acceleration, rough air, etc., even 
though the whole element is mounted in a 
fluid-filled bowl. However, the 800-cycle voltage 
in effect supplies 800 signals every second, which 
average out the detected signal. 


Gyros. The flux valve of the Flux-Gate com- 
pass is mounted on the base of a vertical gyro. 
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COMPENSATOR ASSEMBLY 
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The purpose of the gyro is to maintain the flux 
valve in the horizontal plane. The J-1, J-2, J-4, 
and N-l compasses use the C-2 transmitter 
described above. 
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Magnesyn Compass System 


The Magnesyn compass is a nongyro-stabil- 
ized, remote-indicating, magnetic compass. 


COMPONENTS. The system consists of the 
transmitter, indicator, and inverter. 


Transmitter. The transmitter consists of a 
float assembly, a flux-gate assembly, and a 
compensator assembly. The float assembly is 
immersed in compass fluid in a smooth-surfaced 
bowl. The bowl is spherical in shape in order 
that the compass float will be free, as much as 
possible, of swirl errors, and so that liquid drag 
will be reduced. A diaphragm is incorporated in 
the bowl to provide for the expansion and con- 
traction of the compass fluid. A spring-mounted 
cup jewel supports the float which is equipped 
with four damping fins. The float contains the 
directive magnet, which is the compass element, 
and is free to rotate up to 20° from the horizontal. 


The flux-gate assembly, or transmitter coil, 
is located outside and below the compass bowl. 
As shown in the illustration, it has no mechanical 
connection with the magnet on the float. 


Indicator. The indicator consists essentially of 
a receiving magnesyn assembly, a dial, a head- 
ing pointer, and a course-setting pointer, as 
illustrated. 


OPERATING PRINCIPLES. The permanent mag- 
net attached to the float located in the trans- 
mitter, or compass element, is free to revolve 
and align itself with the flux lines of the earth’s 
magnetic field. 


The position of the permanent magnet is 
detected by the flux valve in the lower portion of 
the transmitter and transmitted to the indicator. 
The indicator needle is positioned by the re- 
peating magnesyn so that it is accurately 
aligned in the same direction as the magnetic 
element in the transmitter. 


OPERATING INSTRUCTIONS. The system is 
operative as soon as the inverter is turned on. 
The coursesetting pointer is set on the desired 
heading and is reset only when the desired 
heading is changed. 


COMPENSATION. The Magnesyn Compass Sys- 
tem is compensated and swung by the “‘coef- 
ficient’”’ method discussed previously. Coefficient 
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Operational schematic of magnesyn compass system 


A, or lubber line error, is corrected by rotating 
the transmitter unit in its mounting slots. The 
mounting lugs are slotted to make this a simple 
operation. 


Compensating screws marked N-S and E-W 
are located in the compensator assembly atop 
the transmitter. For further information regard- 
ing the Magnesyn compass, refer to the appro- 
priate technical orders. 
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Gyro Flux-Gate Compass System: 


The Gyro Flux-Gate compass is a remote- 
indicating, gyro-stabilized compass system. 


COMPONENTS. Components of the system are 
the transmitter, caging motor, caging switch, 
amplifier, master indicator, repeater indicators, 
and power supply. Interconnection of the com- 
ponents is shown in the block diagram. 
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Block diagram of gyro flux-gate compass system 
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Transmitter. The transmitter contains the 
flux-gate element mounted on the bottom of a 
vertical gyro. The purpose of the gyro is to keep 
the flux-gate in a horizontal position at all 
times. The gyro has a self-leveling device to 
correct for precession. A mechanism for caging 
the gyro is also contained in the transmitter 
housing. 

Caging Motor and Caging Switch. The caging 
motor drives the caging mechanism in the trans- 
mitter through a flexible cable. The motor is 
controlled by the caging switch located at the 
navigator’s station. 


Amplifier. The amplifier furnishes the excita- 
tion voltage for the flux-gate and amplifies the 
signals between the flux-gate, master indicator, 
and repeater indicators. The accompanying 
illustration shows the gain control that is pro- 
vided to adjust amplification of the signals from 
the earth’s magnetic field. A cold weather 
button provides higher voltage to get the gyro 
up to operating speeds faster during cold 
weather. A green pilot light on the amplifier 
indicates the compass system is operating. The 
system fuse is located just below the pilot light. 


Master Indicator. The master indicator serves 
three purposes — provides a heading corrected 
for deviation as well as a heading not corrected 
for deviation, provides a means of compensating 
the compass, and feeds information to the re- 
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Master indicator dial 


peater compasses. Variation can be set on the 
master indicator by use of a knob at the bottom 
of the indicator. 


Repeater Indicators. The repeater compasses 
duplicate the headings shown on the outer dial 
of the master indicator. If variation is set on 
the master indicator so that the outer dial shows 
true heading, the repeater compasses will also 
show true heading. 


Power Supply. The Flux-Gate Compass re- 
quires 115-volt, 400-cycle alternating current. 


OPERATING PRINCIPLES. The flux valve located 
in the transmitter detects the direction of mag- 
netic north as explained previously. 


The flux valve is mounted on the bottom of 
the vertical gyro to maintain it in the horizontal 
plane. Any displacement from the horizontal 
plane will result in an error in the heading. The 
signals from the flux-gate are amplified and fed 
to the master indicator where they are converted 
to a compass heading. The master indicator 
provides a means of compensating the compass 
for deviation. If this is done, the large needle 
will indicate magnetic heading while the uncor- 
rected window shows compass heading. The 
outer dial is read beneath the pointer and 
indicates magnetic heading if correction has been 
made for deviation. If variation is set by means 
of the knob on the bottom of the indicator, the 
outer scale indicates true heading. 








Directional gyro unit, J-2 compass 


OPERATING INSTRUCTIONS. 


1. As soon as the engines are started, turn on 
the inverter switch. 


2. Wait five minutes, then operate the caging 
mechanism. Push the caging button and hold 
until the red light comes on, then release the 
button. When the light goes out the cycle is 
complete. 


3. Check before takeoff to see if the system 
working. If not, see if the inverter is on or if 
the fuse is burned out. 


4, Check to see that the proper variation is 
set on the master indicator. Use either local or 
average variation if the pointer is to indicate 
true heading. Use zero variation if magnetic 
heading is desired. 


5. If local variation is used be sure to change 
the dial as the variation changes. 


6. Adjust the gain control if the compass 
becomes sluggish. Turn the gain up until the 
needle oscillates then back off one unit. 


7. Check the caging of the gyro after steep 
turns or other maneuvers. 


COMPENSATION. Compensation of the Flux- 
Gate Compass is accomplished by mechanical, 
rather than magnetic adjustment. The mechan- 
ical correction made for one heading does not 
affect the readings on other headings (except 
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very slightly on the adjacent headings). There- 
fore, deviation can be almost entirely removed 
from the master indicator, making a deviation 
card unnecessary. 


DEVIATION. The deviation is found and the 
curve constructed in the same manner as dis- 
cussed under magnetic compass calibration. 


For additional information on the operation, 
compensation, and malfunctions of the Flux- 
Gate Compass refer to the appropriate technical 
order. 


J-2 Slaved Gyro Magnetic Compass System 


The J-2 slaved gyro magnetic compass system 
is an outgrowth of the J-l1 compass system. 
Both systems were developed by the Sperry 
Gyroscope Company. The J-2 provides a visual 
indication of the magnetic heading and informa- 
tion for the autopilot, radar system, etc. In the 
J-2 system, the directional signals from the 
earth’s magnetic field are used to keep a direc- 
tional gyro oriented with magnetic north. The 
directional gyro unit is sometimes referred to as 
the master indicator since a magnetic heading 
can be read from it. However, the gyro unit is 
usually located in a position where it is not 
readily accessible, and the pilot and navigator 
obtain the magnetic heading from repeater 
indicators. 
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Components of a transmitter 


COMPONENTS. The components of the J-2 
compass system are the C-2 remote transmitter, 
amplifier, gyro unit, and repeater indicators. 


Remote Transmitter. The C-1 or C-2 transmit- 
ter shown is used with the J-2 compass. The 
transmitter which contains the flux valve is 
used to sense the direction of magnetic north. 
It is mounted in a remote position that is as 
free from magnetic disturbances as possible. The 
small size of the transmitter permits it to be 
placed in the outer tip of the wing or in the 
vertical stabilizer. The flux valve is pendulously 
mounted and surrounded by a liquid to dampen 
excessive oscillations. Gravity keeps the flux 
valve in a horizontal position. For an explanation 
of the flux valve refer to the beginning of this 
section. A magnetic compensator is normally 
mounted on top of the transmitter as shown in 
the illustration. 


Amplifiers. Two amplifiers, the B-7 and A-2, 
are used in the system. They amplify the signals 
between the transmitter and the gyro, and also 
between the master indicator and the repeater 
indicators. 


Gyro Unit. The gyro unit illustrated contains 
the directional gyro, the mechanism for slaving 
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the gyro to the magnetic field, the gyro leveling 
system, and the heading synchro. 


The leveling device keeps the horizontal axis 
of the gyro parallel to the base of the gyro 
mounting. 


Repeaters. Either type V-8 or type V-8 re- 
peaters are normally used with the J-2 compass. 
Both types have a settable dial. The repeater 
contains a synchro that responds to the signals 
from the heading synchro in the gyro unit. 


OPERATING PRINCIPLES. The signals that 
represent the magnetic vector output of the C-2 
transmitter are amplified and transmitted to 
the directional gyro unit. If the directional gyro 
is not aligned with magnetic north, the signals 
from the transmitter will cause a torque motor 
to apply a precession to the gyro until it is in 
correct alignment. This is a continuous process 
and the directional gyro is always aligned with 
magnetic north. The diagram is a schematic of 
the J-2 system. 


As the aircraft azimuth changes, the gyro 
case rotates about the gyro and causes an 
angular displacement of the stator of the head- 
ing synchro which is located within the gyro 
housing. The signal from the heading synchro 
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is transmitted to the repeater compasses from 
which the magnetic heading of the compass 
may be read. 


The J-2 system has both a fast and a slow 
slaving cycle. The system goes through a fast 
slaving cycle when it is first turned on. During 
the fast cycle the gyro is brought into alignment 
at a rate as high as 80° per minute. At all other 
times the gyro is kept in alignment by a slow 
slaving rate of 3° to 5° per minute. To permit 
quick recovery of the gyro after extreme 
maneuvers, a switch is installed in some aircraft 
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to interrupt the power to the system. This 
momentary interruption has the same effect as 
turning the system on again and the compass 
goes through the fast slaving cycle. Care should 
be taken to keep the aircraft straight and level 
during the fast slaving cycle and it should not 
be repeated more than once every 10 minutes. 

The slaved gyro magnetic compass is con- 
nected directly to the main power supply of the 
aircraft. Therefore, turning on the main power 
supply starts the operation of the system. Allow 
3 minutes for the gyro to reach operating speed, 
level, and align with the earth’s magnetic field. 


CONNECTING CABLE 


SIGNAL SELSYN 
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PRECESSION COIL 
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Schematic diagram of J-2 system 
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After the 3-minute interval, the pointer of the 
indicator will point to the magnetic heading of 
the aircraft. 


With the course setting knob on the indicator, 
set the desired heading under one of the indexes. 
It is preferable to set the desired heading under 
the center or zero index so that the needle is 
kept straight up when the aircraft is on the 
desired heading. 


After the aircraft becomes airborne, the 
indicator is referred to in the same manner as a 
magnetic compass. If a desired heading has 
been set against any of the indexes, a constant 
heading can be flown by controlling the aircraft 
to keep the pointer aligned with that index. 


The addition of indexes at 45° and 90° left 
and right of the zero or center index, and 
another at 180° from the zero or center index, 
permits the pilot to turn 45°, 90°, or 180° from 
an initia! heading without having to add or 
subtract mentally. When a new heading is 
desired by the navigator, the pilot sets the new 
heading under the center or zero index and turns 
the aircraft until the pointer is aligned with the 
index. Turning the main power supply off stops 
the operation of the compass. 


OPERATING LIMITS. The gyro in the directional 
gyro control is free to operate within 85° from 
level flight in dive and climb, and in banks. At 
the limits, it strikes mechanical stops which 
render the indications on the directional gyro 
control and the settable dial indicator inaccurate. 
After return to level flight, errors up to 5° in 
heading may be introduced; but the gyro will 
recover its erect and slaved positions auto- 
matically in a period of 5 minutes or less. There- 
after, it will again resume correct indication 
until the limits are again exceeded. 


The flux valve unit of the remote compass 
transmitter remains pendulous through 30° on 
both sides of the vertical in pitch and roll. When 
these limits are exceeded or a coordinated turn 
is being executed, the coil deviates from the 
horizontal and picks up the vertical component 
of the earth’s field which distorts its sensing 
and thus gives false signals. Restoration of the 
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aircraft to an attitude within these limits renders 
the flux valve unit pendulous again, and it 
automatically resumes correct sensing. 


The slaving cut-out switch is optional equip- 
ment and is used when magnetic sensing is not 
wanted, or over the portions of the earth’s 
surface where the horizontal lines of magnetic 
force dip at 84° or more. It operates a relay 
in the amplifier to cut off the power supply to 
the control field of the slaving torque motor. 


COMPENSATION. Refer to the appropriate 
technical orders for precision compensation 
procedures. 


IN-FLIGHT MAINTENANCE. The J-2 uses two 
amplifiers. The A-2 amplifier is used for slaving 
the gyro and the B-7 amplifier for operating 
the repeaters. The B-7 is usually limited to 6 
repeaters for each amplifier. Each of the ampli- 
fiers has a fuse located inside the amplifier 
housing. Each amplifier also has a spare located 
adjacent to the active fuse. 


If all repeaters appear to be inoperative; that 
is, if the indicator scale can be turned without 
the needle following, the trouble probably lies 
in the B-7 amplifier. Disconnect the cannon 
plug, remove the amplifier cover and check the 
fuse. 


No other in-flight maintenance is_ possible 
except checking the cannon plugs for good 
connections. 


For more detailed information refer to T. O. 
5N1-2-4-1. 


N-1 Compass System 


The N-1 compass system is the most advanced 
compass system in use at the present time. The 
N-1l is a remote indicating, magnetic slaved, 
gyro stabilized system. It may be operated 
either as a magnetic slaved compass or as a 
directional gyro corrected for apparent preces- 
sion. The N-1 also provides directional informa- 
tion to the autopilot, and bombing-navigation 
computers. The N-1 contains several unique 
features that reduce the overall system error 
and aid the navigator in obtaining an accurate 
heading under any conditions. 


COMPONENTS. The N-1 compass system con- 
sists of the C-2 transmitter, directional gyro 
unit, amplifier, slaving control, master indicator 
and repeater compasses. The block diagram 
shows the interconnection of the units. 


Each unit, except the amplifier and the remote 
compass transmitter, is filled with an inert gas 
and hermetically sealed to protect it against 
moisture and foreign material. 
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C-2 Transmitter. The C-2 remote compass 
transmitter is the magnetic direction sensing 
component of the N-1 compass. The transmitter 
is located as far from magnetic disturbances of 
the aircraft as possible, usually in a wing tip or 
the vertical stabilizer. The transmitter senses 
the horizontal component of the earth’s magnetic 
field and electrically transmits it to the master 
indicator. 
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Block diagram of N-] compass system 
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C-2 remote compass transmitter 


Directional Gyro. The directional gyro gives 
a stabilizing signal for the magnetic slaved 
operation and reference signal (gyro heading) 
when in directional gyro operation. The direc- 
tional gyro unit illustrated, contains a gyro 
motor, leveling takeoff, leveling torquer, azimuth 
takeoff, electromagnetic brake, balance control 
adjustment, and an azimuth dial. 


The electromagnetic brake dampens gyro 
oscillations during starting and reduces spinning 
during stopping. The leveling takeoff provides a 
leveling signal to the leveling torquer that main- 
tains the gyro spin axis in a plane parallel to 
the mounting base. The azimuth dial, which 
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Directional gyro type N-] compass system 
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indicates the heading of the gyro in relation to 
the case, can be viewed through a window in 
the gyro case. This dial is used only to visually 
check the leveling action of the gyro. 


The azimuth takeoff transmits the heading of 
the gyro to the master indicator. The maximum 
real precession of the gyro is 1° per hour. 


Amplifier. The amplifier, shown in the accom- 
panying illustration, acts as the electrical 
distributing center of the system. It also contains 
the slaving, leveling, and azimuth amplifiers, 
and the control relays for the system. 


Slaving Control. The slaving control illustrated 
is a gyro controlled rate switch. It is used to 
reduce errors that occur in the compass system 
during a turn. If the aircraft turns at a rate of 
23° per minute or more, the C-2 transmitter is 
cut off during magnetic slaved operation to 
reduce errors caused by centrifugal force acting 
on the transmitter element. The gyro leveling 
system is cut off during a turn of 23° or more 
per minute during both magnetic slaved and 
directional gyro operation. 


Master Indicator. The master indicator, as 
shown, contains the controls for operating the 
N-1 compass system in both the magnetic slaved 
and directional gyro operation. The mechanism 
of the master indicator integrates the informa- 
tion received from the transmitter and the 
directional gyro. In the upper righthand corner 
of the master indicator is the latitude correction 





Amplifier for type N-7 compass system 





control knob. This knob is used to switch from 
magnetic slaved operation to directional gyro 
operation and to set the latitude of the aircraft’s 
position when in directional gyro operation. 
The master indicator then corrects the indicator 
heading for apparent precession due to the 
earth’s rotation. 


The apparent precession correction mechanism 
has an allowable tolerance of 14° per hour which 
added to the real precession makes a total pre- 
cession of 114° per hour for the system. 


The synchronizer control, located in the bot- 
tom right-hand corner of the master indicator, 
serves two purposes. In magnetic slaved opera- 
tion, it is used to synchronize the pointer with 
the correct magnetic heading. The annunciator 
pointer shows the direction in which to turn 
the indicator needle in order to synchronize. 


In directional gyro operation the synchronizer 
is used to set the indicator pointer on any 
desired gyro heading. 


Through a small hole to the right of the 
annunciator pointer a small white dot can be 
observed. The rotation of this dot indicates the 
system is operating. In magnetic slaved opera- 


Slaving control N-] compass system 
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Master indicator type N-] compass system 


tion the dot will rotate slowly back and forth 
indicating that the system is constantly integrat- 
ing information from the remote transmitter. 
In DG operation the dot will rotate at a speed 
proportional to the latitude correction. It will 
rotate clockwise when north latitude is set and 
counterclockwise when south latitude is set. 





The transmission error compensator in master indicator 
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The N-1 compass also provides magnetic 
heading to other equipment such as the radar 
system and the autopilot. A transmission error 
compensator located on the back of the master 
indicator compensates the heading information 
supplied to other systems for transmission error. 
The transmission to repeater indicators are not 
corrected by this mechanism. The compensator 
is a cam type with 24 screw adjustments spaced 
15° apart as shown in the illustration. Each 
screw is marked to show the simultaneous 
position of the cam follower with that of the 
heading pointer of the master indicator. The 
transmission error dial located within the circle 
of adjustment screws indicates the error that 
has been corrected for on each heading. The 
transmission error compensator is adjusted only 
when the compass system is swung. The proce- 
dures for compensation of the compass are 
given in the technical order for the system. 


OPERATING PRINCIPLES. The operation of the 
N-1 compass depends upon three basic servo 
loops which are shown in the sketch. The 
azimuth servo loop consists of the gyro azimuth 
takeoff, azimuth amplifier, azimuth control 
transformer, and the azimuth servo motor which 
drives the indicator pointer. The latitude correc- 
tion servo loop is used with the azimuth servo 
loop when the compass is operated as a direc- 
tional gyro corrected for apparent precession. 
The azimuth of the gyro is modified by the 
output of the rate generator. The correction is 
equal to and opposite to the apparent precession 
of the gyro if the correct latitude is set. 


The slaving loop modifies the position of the 
azimuth servo motor to align the indicator 
needle with the direction sensed by the flux 
valve. 


It should be noted that in neither mode of 
operation is an effort made to keep the gyro 
aligned in any particular direction. The magnetic 
and latitude corrections are applied through the 
components of the servo loops. This is a feature 
that results in a far more accurate gyro. The 
only action placed on the gyro is done in the 
leveling servo loop. This auxiliary loop consists 
of the leveling takeoff (a device to determine if 
the gyro moves away from the level position in 
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respect to the gyro mounting), the leveling 
amplifier, the amplifier, the slaving control, and 
the leveling torque motor. As previously ex- 
plained, the slaving control is a rate gyro that 
switches out the gyro leveling loop and the C-2 
transmitter when the aircraft’s rate of turn 
exceeds 23° per minute. 


Information for the radar equipment and 
bombing or navigation computers is taken off 
the precise data transmitter through a compen- 
sating mechanism. The repeater compasses re- 
ceive signals from the repeater data transmitter. 
These signals are not compensated unless an 
additional transmission error compensator is 
installed. 


NOTE 


Heading information for the autopilot is 
obtained from the data differential trans- 
mitter which is electrically connected to 
the gyro azimuth takeoff and mechanically 
connected to the synchronizer knob. For 





this reason the synchronizer knob should 
not be moved while the autopilot is engaged 
and the compass is operating in the DG 
mode. 


OPERATING INSTRUCTIONS 


PREFLIGHT CHECK 


1. Energize the system and allow at least five 
minutes for warmup. Synchronize the master 
indicator. Check the directional gyro and slav- 
ing control gyro for operation. 


2. Check the directional gyro through the 
window in the case. Oscillations of the gyro . 
should dampen out. 


3. Rotate the directional gyro unit in the 
shock mounts clockwise and counterclockwise 
(plus or minus 2°). The master indicator should 
follow. 


4. Compare the master indicator with the 
pilot’s magnetic compass. They should agree 
within 5°. 

5. Desynchronize the master indicator clock- 
wise (to the right). The annunciator should 
move to the “L’’ area and the white dot should 
rotate counterclockwise. 
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6. Desynchronize the master indicator 
counterclockwise (to the left). The annunciator 
should move counterclockwise to the “R’’ area. 
The white dot should rotate clockwise. 


7. Set the latitude pointer to gyro operation. 
Check the movement of the white dot in the 
following latitude settings. 


a. 90°N — White dot moves clockwise 
b. 0° — White dot stops 


e. 90°S — White dot moves counterclock- 
wise. 


8. Return to magnetic slaved operation and 
synchronize the master indicator. All repeaters 
should agree within 2°. 


9. Slowly rotate the synchronizer knob 360° 
stopping at each 90° increment, first clockwise 
and then counterclockwise. All repeaters should 
follow smoothly; the master indicator pointer 
should operate smoothly. 


10. Synchronize the master indicator. Rotate 
the repeater indicator cards. The pointers on 
the repeaters should hold a constant heading. 


AUTOPILOT COUPLING CHECK 


1. Select magnetic slaved operation and 
synchronize the master indicator. Have the 
pilot engage the autopilot. 


2. Rotate the master indicator pointer 10° 
clockwise. Observe if the right rudder pedal 
moves forward slowly for a right turn. 


3. Resynchronize the master indicator and 
rotate the pointer 10° counterclockwise. The 
left rudder pedal should move slowly forward 
for a left turn. 


OPERATION AS A MAGNETIC SLAVED COMPASS 


1. To operate as a magnetic compass: 


a. Turn compass system on. Turn LAT- 
ITUDE CORRECTION KNOB counterclock- 
wise until switch clicks in detent and latitude 
pointer indicates off position. 


b. After the compass has been operating for 
at least five minutes, note the relation of the 
ANNUNCIATOR POINTER to its center line. 
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c. Engage the SYNCHRONIZER KNOB 
and turn it until the ANNUNCIATOR 
POINTER is centered. Since it is difficult to 
center the master indicator exactly, it is neces- 
sary to rotate the SYNCHRONIZER KNOB 
only until the ANNUNCIATOR POINTER is 
approximately centered. 


d. Check the master indicator against 
pilot’s magnetic compass. It is possible to have 
the compass synchronized 180° from the correct 
magnetic heading. | 


e. If the autopilot is engaged, it will hold 
the aircraft on the magnetic heading which has 
been established. 


f. When on automatic pilot control during 
magnetic slaved operation, engaging and rotat- 
ing the SYNCHRONIZER KNOB from the 
synchronized position will cause the aircraft to 
alter course at approximately 3° per minute and 
assume the new heading set on the master 
indicator heading pointer. 

g. Cautions during magnetic slaved opera- 
tion: 

(1) Check the correction servo indicator 
occasionally. It should be rotating to indicate 
proper operation. 

(2) The ANNUNCIATOR POINTER 
may oscillate “R”’ (right) and “L’”’ (left) as a 
result of the yaw of the aircraft. This indicates 
proper operation of the correction servo. 

(8) Do not attempt to synchronize the 
system while the aircraft is making a turn or 
immediately thereafter. 


OPERATION AS A DIRECTIONAL GYRO 


NOTE 


The N-1 compass should not be used for 
accurate gyro heading reference until it has 





been running for at least 30 minutes. 


a. Turn the LATITUDE CORRECTION 
KNOB clockwise and set LATITUDE COR- 
RECTION POINTER on the latitude of the 
aircraft’s position. 

b. Engage SYNCHRONIZER KNOB and 


rotate the azimuth pointer to indicate the 
desired gyro heading. 








ce. Reset the LATITUDE POINTER to 
the mid latitude in two degree increments as 
the aircraft changes latitude in flight. 


d. When the aircraft is on autopilot control 
and the N-1 is in directional gyro operation, a 
change made by engaging and rotating the 
SYNCHRONIZER KNOB will not cause a 
change in aircraft heading. The gyro heading 
reference will be altered by whatever angle the 
pointer was moved, but the aircraft will continue 
to fly the original heading. 


e. Observe the correction servo indicator 
occasionally. It should be rotating to indicate 
proper operation, clockwise for north latitude, 
counterclockwise for south latitude. 


IN-FLIGHT CAUTIONS 


1. If the N-1 system is in magnetic slaved 
operation and the system is controlling the 
automatic pilot, the navigator may set a new 
heading on the master indicator by engaging 
and rotating the synchronizer control. The 
autopilot will turn the aircraft at the rate of 3° 
per minute until the aircraft is flying the new 
heading placed on the master indicator. 


2. The N-1 system can be synchronized 180° 
out of phase by turning the synchronizer knob 
in the opposite direction from that indicated on 
the annunciator dial. This is an unstable con- 
dition and the system will correct itself at the 
rate of 3° per minute if undisturbed. Always 
check the master indicator heading against the 
magnetic standby compass to eliminate this 
possibility. 


3. The slaving control cuts out both the 
directional gyro leveling and the correction 
servo circuit during turns that exceed 23° per 
minute. During such turns the annunciator 
pointer will swing hard to the right “‘R”’ or left 
“‘L”’ and the correction servo indicator will stop 
rotating. This indicates that the slaving control 
is operating correctly. 


Do not attempt to reposition the master 
indicator heading pointer during or immediately 
following turns. The N-1l system remains in 
synchronization during a turn even if the 
annunciator pointer does not indicate it. 
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4. Directional gyro operation. As the aircraft 
changes latitude, the latitude pointer must be 
reset. Setting of mid latitude every two degrees 
is sufficient for proper operation. 


5. The automatic pilot will fly a constant 
gyro heading when controlled by the N-1 system. 
Under no wind conditions, this path will 
approximate a great circle. 


6. During directional gyro operation, once 
the gyro heading is set, repositioning the master 
indicator heading pointer with the synchronizer 
control knob will not cause the aircraft to alter 
its heading or in any manner affect the autopilot. 


7. Normally the annunciator and the correc- 
tion servo indicator will indicate proper opera- 
tion of the N-1 compass by the “‘hunting”’ of the 
annunciator needle and rotating of the indicator. 
In case of partial inverter failure, the N-1 
compass will indicate the last heading before 
inverter failure and will then fail to follow the 
aircraft in case of heading change. The annun- 
ciator will still appear to “hunt” and the servo 
indicator will rotate; however, the reading on 
the N-1 master indicator will be erroneous. 


COMPENSATION. The N-1 compass is compen- 
sated using precision methods. Refer to the 
technical order for the system. 


J-4 COMPASS SYSTEM 


The J-4 compass system is a lightweight, gyro 
stabilized, remote indicating compass that can 
be used as a magnetic slaved compass or as a 
directional gyro corrected for apparent preces- 
sion. The operating features of the J-4 system 
are identical to the N-1. 


COMPONENTS. The J-4 system consists of the 
C-2 transmitter, servo amplifier, directional 
gyro, control panel, repeater indicators, slaving 
control, and a junction box custom made for 
each installation. 


The C-2 transmitter is the standard magnetic 
sensing unit used with the J-2 and N-1 compass 
system. It senses the direction of magnetic north 
and transmits the direction of the magnetic 
vector to the servo amplifier. 


The servo amplifier contains the power supply 
for the system (115 volts, 400 cycle AC, and 28 
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volts DC), the slaving servo loop, the latitude 
control loop, the slaving cut-off relay, indicator 
transmitter, precise data transmitter, and the 
slewing motor. 


The slaving control is a gyro controlled rate 
switch that cuts out the gyro leveling device 
and the C-2 transmitter during turns of 12° 
per minute or more. 

The directional gyro unit is hermetically 
sealed in dry gas. Contained in this unit is the 
gyro, leveling switch, leveling torque motor, 
azimuth transmitter, azimuth torque motor, and 
the autopilot transmitter. The gyro has a max- 
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imum drift of 3° per hour. An antispin brake is 
included to bring the gyro to a stop quickly after 
the system is cut off. The gyro is leveled to 
gravity by a liquid switch. A window is provided 
on the side of the unit through which the level- 
ing action can be observed. 


The control panel contains a function switch, 
latitude setting control, hemisphere switch, 
synchronizing switch, and the annunciator. 


Either a V-7A, here illustrated, or a V-8 
remote compass indicator may be used with the 
J-4 system. 
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OPERATING PRINCIPLES. The J-4 compass con- 
sists of three basic servo loops; the slaving loop, 
latitude correction loop, and leveling loop. The 
slaving loop consists of the gyro azimuth trans- 
mitter, azimuth control transformer, control 
motor, compass control transformer, C-2 trans- 
mitter, azimuth torque motor, indicator trans- 
mitter, and the indicator. Any difference between 
the magnetic vector sensed by the C-2 transmit- 
ter and the azimuth of the gyro is detected, 
amplified, and used to drive a torque motor 
which precesses the gyro until its azimuth 
matches the direction of magnetic north. A 
slewing motor controlled by the indicator setting 
(Inc-Dec) control is used to synchronize the 
system when in the magnetic mode or to set a 
desired heading on the indicator when in the 
DG mode. 


If the synchronizer pointer is in the + area 
the synchronizer control is moved in the + 
direction; when in the — area the control is 
moved in the — direction. Turning the switch 
to the first mark will rotate the indicator 
pointer at a rate of 9°/sec.; the second mark at 
42-60°/sec. The switch is spring loaded to the 
center position. 


During the first 10 seconds after the system 
is turned on a fast slaving cycle automatically 
synchronizes the indicator with magnetic north. 
At all other times, a normal slewing rate of 2° 
per minute will null out any error between the 
gyro azimuth and the magnetic vector. The 
aircraft should be flying straight and level during 
fast synchronization. The compass can be put 
through a fast slaving cycle at any time by 
switching from magnetic to DG to magnetic. 
The latitude correction mode is selected by the 
function switch and the proper hemisphere and 
latitude is set. The latitude correction servo loop 
is the same as the slaving loop with the excep- 
tion that the slaving amplifier is cut out and 
the latitude correction rate switch is inserted. 
The action of this loop is to apply a signal to 
the gyro azimuth torque motor that drives it at 
a rate equal to and opposite to the apparent 
precession of a gyro at the latitude set on the 
control panel. 


The leveling servo loop consists of a leveling 
switch, amplifier, and leveling torque motor. 
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Indicator repeater type V-74 


The leveling switch is a liquid level switch that 
detects any deviation of the gyro from the 
gravity vertical. Any deviation is removed by 
the torque motor. The slaving control cuts out 
the leveling loop and C-2 transmitter during 
turns of 12° per minute or more. 


OPERATING INSTRUCTIONS. The compass is 
energized when the aircraft’s power supply is 
turned on. If operating in the magnetic mode, 
only two minutes are required for the compass 
to warm up. If operating in the DG mode, the 
gyro should be allowed to run for approximately 
ten minutes to achieve rated accuracy. 


Select the mode of operation. 


Operation as a Magnetic Slaved Compass 
1. Set the function switch to MAG. 


2. The compass should automatically syn- 
chronize to the correct magnetic heading. If 
manual synchronization is required, turn the 
SET switch in the direction indicated on the 
synchronization indicator. When the indicator is 
in the + region the set knob should be turned 
clockwise or toward the + mark. The repeater 
indicators may be slewed at a fast or slow rate 
by moving the set knob further clockwise or 
counterclockwise. When the synchronization 
indicator is centered, the repeaters are synchron- 
ized with the earth’s magnetic field. 
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Operation as a Latitude Corrected Directional Gyro 


1. The compass system is energized when the 
aircraft power supply is turned on. Allow approx- 
imately ten minutes for the gyro to warm up. 
The gyro base should be approximately in the 
horizontal plane just prior to and for about ten 
seconds after turn on. 


2. Set the selector switch to DG. When this 
is done the synchronization indicator is covered 
and the letters DG are seen in the window. 
Banks and rolls in excess of 30° should be 
avoided for another minute. 


3. Set the hemisphere selector on the hemis- 
phere in which the compass is to be operated. 
Note that this control is slotted for safety 
purposes. A screwdriver or coin is used to 
change the setting. 


4. Set the local latitude with the latitude 
control. 


5. Set the indicators on any desired value 
with the SET switch. Operating the set switch 
will not affect the autopilot in either MAG or 
DG mode of operation. 





ROLL STABILIZED N-1 AND J-4 COMPASS 





The roll stabilized N-1 and J-4 compasses are 
identical to the N-1 and J-4 compasses described 
earlier with the additional feature of roll 
stabilization. There are two defects inherent in 
all conventional directional gyros, particularly 
during roll maneuvers, which require modifica- 
tion of the basic gyro instrument to incorporate 
the roll stabilizing gimbal. These defects, 
described earlier in the section on gyros, are 
gimbal lock in the pitch axis and gimbal error 
in the roll axis. 


If this error was present in the heading signal 
to navigational computers, it would be integrated 
into the system and would represent a permanent 
navigation error. In the roll stabilized N-1 and 
J-4 compass systems, this error is eliminated by 
adding a roll gimbal to provide 360° rotation 
about the roll axis. The roll gimbal is positioned 
by data from a vertical gyro. The vertical gyro 
senses the true gravity vertical and transmits 
signals corresponding to this direction to a 
servo motor which positions the roll gimbal to 
keep the spin axis of the gyro perpendicular to 
the true vertical. 


COMPONENTS. Since the principle is identical 
in both the N-1 and J-4 compasses, the com- 
ponents will be shown for only the J-4. 


Additional components over the normal sys- 
tem are the vertical gyro unit, modified direc- 
tional gyro unit, roll stabilization amplifier, and 
roll stabilization control panel. Interconnection 
of the additional units is shown in the related 
diagram. 


The vertical gyro is a miniature, noncageable, 
gravity sensitive vertical reference. It consists of 
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J-4 roll stabilization control panel 
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Interconnection of roll stabilization units 


a pendulum in a power transmitting electrolytic 
fluid. The outputs express the direction of the 
vertical in reference to the roll and pitch axes of 
the aircraft. The outputs are applied directly to 
the pitch and roll torque motors which maintain 
the gyro’s spin axis perpendicular to the earth’s 
surface. 


The modified directional gyro unit contains 
the roll gimbal and the mechanism to keep the 
gyro aligned with the vertical. 


The roll stabilization amplifier contains the 
power supply, starting relays, and amplifiers 
for amplifying the signals to the gimbal servos. 


The control panel, as sketched, contains a 
switch to turn the roll stabilization on and off 
and a lamp that lights up to indicate misalign- 


ment of more than 5° between the roll and fixed 
gimbals of the gyro. 


OPERATING PRINCIPLES. The roll servo re- 
ceives its input data from the roll synchro 
transmitter in the vertical gyro. A misalignment 
between the roll gimbals of the vertical gyro and 
the directional gyro will cause an error signal 
at the output of the roll servo control trans- 
former. This signal is amplified by the servo 
amplifier and then passes through the stabiliza- 
tion on-off switch to the servo control motor. 
The motor turns the gimbal to remove the error. 

Roll stabilization may be turned off by the 
switch on the control panel. If the warning 
lamp should light up, the gyro is misaligned 
with the vertical by more than 5° and, if it is 
desired to maintain an accurate heading, the 
aircraft should not be rolled more than 82°. 
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SUMMARY 


Because magnetic disturbances often cause 
the ordinary magnetic compass to be unreliable, 
the need exists for a system which places the 
magnetic element some distance from these 
disturbances and still provide compass readings 
at several places on the aircraft. 


Several such compass systems are in use in 
the Air Force. These systems are: the magnesyn 
compass, the flux-gate compass, and the J-2, 
N-1, and J-4 slaved gyro compasses. All of 
these systems have one thing in common: they 
all have the direction sensing element in a 
transmitter that is located at some remote 
place in the aircraft. 


The magnesyn is the simplest to operate. 
All that is necessary is to turn on the aircraft 
inverter and the indicators will show the mag- 
netic heading of the aircraft. The magnesyn does 
not utilize a gyroscope in its operation. 


The flux-gate compass was the first magnetic 
compass system to use a gyro. The gyro is used 
to stabilize the flux-gate element in the trans- 
mitter. A remote caging mechanism was used to 
erect the gyro at turn-on. The flux-gate has 
another unique feature in that variation may 
be set on the master indicator and true heading 
read directly. 


The J-2, N-1, and J-4 compasses use a direc- 
tional gyro to add stability to the magnetic 
signals from the remote transmitter. The J-2 
ean be used as a directional gyro but is not 
corrected for apparent precession. The N-1 and 
J-4 have precise gyros that can be corrected for 
apparent precession by using a latitude control 
on the indicator or control panel. 


The J-2 and N-1 compasses may be stabilized 
in the roll plane so that rolls of as much as 360° 
do not affect the accuracy of the compass. 


THE ASTROCOMPASS 


Since magnetic influences within an aircraft 
cause local distortion of the earth’s magnetic 
field, all compasses using magnetic north as a 
reference are subject to deviation. Although a 
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deviation card is provided for each compass 
there is no way of knowing if the deviation 
shown is current. Deviation may be changed by 
the addition or removal of equipment or even 
by a hard landing. Therefore, the navigator 
seldom relies upon the deviation card if there 
is a means available for checking the true 
heading. 


Since an accurate true heading is basic to 
accurate dead reckoning, deviation should be 
checked on every heading. The principle instru- 
ments used to check true heading are the astro- 
compass and the periscopic sextant. The per- 
iscopic sextant is discussed later in this chapter. 


The astrocompass, as the name implies, is a 
celestial compass. By sighting known celestial 
bodies with the astrocompass, the correct true 
heading of the aircraft can be obtained. Besides 
checking deviation, the astrocompass is used for 
celestial steering in the polar regions (see the 
polar navigation chapter). In checking deviation, 
the magnetic compass is read at the same time 
the true heading is obtained. The true heading 
is converted to magnetic heading by applying 
local magnetic variation. The correct magnetic 
heading is compared with the compass heading 
to obtain the deviation. The astrocompass can 
also be used to measure bearings of landmarks. 


Components 


The astrocompass, shown in the accompanying 
illustration, consists of a base with leveling 
screws, an azimuth circle, an LHA drum and 
scales, a latitude knob and scale, a declination 
scale, and a sight. An important feature to 
remember is that the scales for use in north 
latitude are white, and the scales for use in 
south latitude are red. 


Base. The instrument is designed for mounting 
on the astrocompass base standard, shown in 
the associated illustration, usually located in the 
astrodome of the aircraft. The astrocompass 
can be mounted on the base standard in only 
one position. Therefore, if the base standard is 
properly aligned with the longitudinal axis of 
the aircraft, the true heading lubber line will 
automatically be aligned when the astrocompass 
is mounted. The astrocompass is leveled with 
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The astrocompass 


reference to two bubbles by turning two thumb 
screws. 


Azmuth Circle. The azimuth circle is a 
horizontal plate which turns about a vertical 
axis on the base of the astrocompass. The sight 
and other parts of the instrument are mounted 
on the azimuth circle and turn with it. When the 
astrocompass is properly leveled, the azimuth 
circle is parallel with the plane of the bubble 
horizon. The azimuth scale around the edge of 
the azimuth circle is read against the true 
heading lubber line, which is aligned with the 
longitudinal axis of the aircraft. The azimuth 
circle and true heading lubber line are shown in 
the astrocompass illustration. 


LHA Drum and Scaler. Two vertical stand- 
ards on the 90° — 270° graduations of the 
azimuth circle support a horizontal axis above 


and parallel to the 90° — 270° graduations. This 
horizontal axis supports the LHA drum. The 
LHA drum consists of a stator with an LHA 
head on each end; that is, there is one LHA head 
on each side of the horizontal axis. The LHA 
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heads are graduated in increments of 2° as 
shown in LHA drum sketch. The white scale, 
on the upper head, is used in northern latitudes; 
the red scale, on the lower head, is used in 
southern latitudes. 

The LHA scales are rigidly joined, and they 
are moved as a unit by an internal bevel gear 
controlled by a knob at the end of the horizontal 
axis. 

The LHA head is set by pushing the LHA 
knob inward and rotating it until the value 
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required can be read at the LHA index. When the 
knob is released, a tension spring prevents 
accidental movement of the LHA heads. The 
scale for north latitudes, as mentioned before, 
is white and is read against the white index on 
the stator marked “LHA, N LAT.’’ The scale 
for south latitudes is red and is read against the 
red index marked “LHA, S LAT.” The two 
index marks are 180° apart. There is also a white 
index marked “TRUE BEARG.” This index is 
used when taking bearings in either north or 
south latitudes. 


Latitude Knob and Scale. On the end of the 
horizontal axis, opposite to the end with the 
LHA knob, is a worm wheel that bears the 
latitude scale. The latitude scale is graduated 
in increments of ten degrees. The worm wheel 
is turned by the latitude knob as shown. Grad- 
uation in increments from one to ten are pro- 


vided on the micrometer drum on the latitude 
knob. 


When the latitude knob is turned, the LHA 
drum turns about the horizontal axis which 
passes through its diameter. When the latitude 
scale is set at 90°, the LHA drum is parallel to 
the azimuth circle. When the latitude scale is 
set at 000° N or S, the LHA drum is perpendic- 
ular to the azimuth circle. Whatever the latitude 
setting, the plane of the LHA scale makes the 
same angle with the azimuth circle that the 
equinoctial plane makes at that latitude with 
the plane of the celestial horizon. Whenever the 
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latitude is set correctly and the azimuth circle 
is oriented correctly, the plane of the LHA 
scale is parallel with the equinoctial plane. This 
can be seen in the related sketch. 


Declination Scale and Sight. On the upper 
LHA head there is a sight for aligning the astro- 
compass with a celestial body. The sight may be 
tilted in a plane which is perpendicular to the 
plane of the LHA scale and which passes through 
the 000° and 180° graduations on the LHA scale. 
When the plane of the LHA scale is parallel 
with the equinoctial plane, and when the LHA 
of the body is set on the LHA scale, the sight 
turns in the plane of the hour circle of the body 
as the illustration shows. The sight can be set 
for any value of declination from 64° north to 
64° south. A pointer attached to the sight 
indicates the declination for which the sight is 
set on the declination scale. 


The sight combines two devices; a shadow 
bar and screen for use with the sun and moon, 
and a split pupil sight for use with the stars 





Sight star at point where luminescent lines 
intersect if extended 


and planets. The star sight is also used for 
taking bearings on terrestrial objects. On the 
front of the sight is a shadow bar, and on the 
back, a screen with two parallel lines. To sight 
on the sun or moon, the azimuth circle is turned 
until the shadow of the bar falls between the 
lines on the screen, as it does in the accompany- 
ing sketch. The screen is translucent so the 
shadow can be seen from either side of the 
screen. 
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Sighting on a star or planet 


Operating Principles 


A star or planet is sighted with the astro- 
compass in the same manner in which a gun 1s 
aimed at an object. The star sight consists of a 
split-pupil lens over the screen and two luminous 
lines over the shadow bar. To sight on a star 
or planet, turn the azimuth circle until the body 
is located at the point where the two luminous 
lines would intersect if they were extended, as 
illustrated. To do this, the eye is positioned so 
that the lines are seen through the lens and the 
body over the lens. 


When the latitude of the aircraft’s position, 
LHA, and declination of the body are set into 
the astrocompass, and when the azimuth circle 
is oriented with true north, the body appears in 
the sight. Conversely, when the latitude, LHA, 
and declination are set correctly, and the 
azimuth circle is rotated until the body appears 
“in the sight, the azimuth circle is oriented 
correctly. 


By setting the astrocompass for latitude, 
LHA, and declination, the instrument solves 
mechanically for the azimuth of the body. 


Notice in the view shown that the angle from 
the N-S axis of the azimuth circle to the sight 
is equal to the azimuth of the body. When the 
settings have been made, the azimuth circle is 
turned until the sight is trained on the body. 
Then, since the azimuth set on the instrument 
equals the azimuth of the body, north on the 
azimuth scale is toward true north. Conse- 
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quently, when the astrocompass is corréctly 
sighted, its azimuth scale is a compass rose 
showing true direction. Since the lubber line is 
aligned with the true heading of the aircraft, 
the true heading can be read on the azimuth 
scale against the lubber line. If the astrocompass 
were kept properly sighted on the body while 
the aircraft turned, the azimuth scale would 
remain oriented with the true directions, and 
the lubber line, turning with the aircraft, would 
move around the azimuth scale, always indicat- 
ing true heading. 


Operating Instructions 


DETERMINING TRUE HEADING. The_ usual 
reason for determining true heading with the 
astrocompass is to check compass deviation. In 
case of compass failure, however, a course can 
be steered by true heading reference. The desired 
true heading is set on the astrocompass and the 
aircraft is turned until the sight is aligned with 
the body. The true heading is then maintained 
by using the directional gyro. The gyro heading 
is checked with the astrocompass at intervals of 
approximately 15 minutes. 


There are three basic methods of determining 
true heading with the astrocompass. They are: 
the true bearing method, the relative bearing 
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method, and the LHA method. Generally, the 
best and most accurate method is the true 
bearing method. A discussion of the three 
methods follows. 
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True Bearing Method. As mentioned above, 
sometimes the astrocompass is best used as 
a pelorus. A pelorus is an instrument for measur- 
ing. direction by reference to a body of known 
position. 


The procedure for using the true bearing 
method in the northern hemisphere is as follows: 


1. Set the latitude scale at 90°, thus turning 
the plane of the LHA drum parallel to the 
azimuth circle. 


2. Set the true azimuth of the body on the 
white LHA scale at the true bearing index. This 
index is on the stator above the LHA index for 
south latitude and 180° from the LHA index 
for north latitude. 


3. Mount and level the astrocompass. 


4. Turn the azimuth circle and adjust the 
inclination of the sight until the body is aligned 
with the sight. This must be done at the time 
used to compute the true bearing. 


5. Read the true heading on the azimuth 
scale at the lubber line. 


In using the true bearing method, first ob- 
tain the true azimuth (Zn) of the body for the 
time of the observation. The azimuth is obtained 
from celestial tables such as H. O. 249. 


However, with Polaris the true azimuth is 
always known within 1° without the use of 
tables. Since Polaris is within 1° of the pole, its 
azimuth at low and middle north latitudes is 
never more than 1° from true north (360°). It 
is easy to learn the position of Polaris with 
relation to the other stars; then a glance at the 
sky will tell you the true azimuth of Polaris. 
Polaris has approximately the same sidereal 
hour angle (SHA) as Ruchbah in the constella- 
tion of Cassiopeia. Thus, Polaris is away from 
the north celestial pole in the direction of 
Ruchbah. Consequently, when Ruchbah is east 
of Polaris, Polaris in turn is east of the pole, and 
the true azimuth of Polaris is 001°. When 
Ruchbah is west of Polaris, the reverse is true, 
and the true azimuth of Polaris is 359°. Sim- 
llarly, the true azimuth of Polaris can be 
judged by the relative position of Alkaid in the 
Big Dipper, which is across the pole from 


12-45 


AFM 51-40 VOL Il 15 APRIL 1960 
N 


FORWARD AXIS 
OF THE AIRCRAFT 


\ 





(SOLVE 

LATER) 

ZN OF 

136° 

N 
N 
NX 
N 

\.. 
HOUR ANGLE 
KNOB, ALIGN READ RB AT 
SIGHT ON BODY TB INDEX 


4° 
yO 





LUBBER LINE 
SET 0° HERE 
“ 
‘N 
SIGHT ASSEMBLY LATITUDE KNOB My 
(SET TO DESIRED HEIGHT) (SET AT 90°) NX 
\a/ 


Relative bearing method 


Polaris. When Alkaid is west of Polaris, the 
true azimuth of Polaris is 001°. When Alkaid is 
east of Polaris, the true azimuth of Polaris 
is 359°. 
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Finding true heading in the middle north 
latitudes is easier with Polaris than with any 
other star by any method. The basic principle 
is that the true heading equals the true bearing 
of the body minus the relative bearing of the 
body, where the true bearing of the body is its 
true azimuth (Zn). The actual manner in which 
the astrocompass accomplishes this solution can 
be seen in the associated illustration. 


Relative Bearing Method. When the sky is 
partially overcast, the true bearing or LHA 
method may be difficult to use. The information 
cannot be preset on the astrocompass unless it 
is known when the body will be visible. In this 
case the relative bearing method is much easier 
to use. With the relative bearing method, an 
observation is made when the body is visible, 
and then the body’s true azimuth is computed 
for the time of the observation. 


The procedure for using the astrocompass with 
the relative bearing method is as follows: 


1. Mount and level the astrocompass. 
2. Set the latitude scale to 90°. 


3. Turn the azimuth circle until 000° is 
opposite the lubber line (true heading index). 
Now the true bearing index is aligned with the 
lubber line and hence with the longitudinal axis 
of the aircraft. 


4. Depress and rotate the [HA knob to turn 
the LHA drum and adjust the inclination of the 
sight until the body is aligned with the sight. 
Now the angle from the lubber line to the 
vertical plane through the line of sight is equal 
to the relative bearing of the body. Note the 
time of the observation of the body. 


5. Read the relative bearing on the white 
LHA scale opposite the true bearing index.. 


6. Find the true azimuth (true bearing) of 
the body for the time of the observation. To 
find true heading, subtract the relative bearing 
from the true azimuth (Zn) of the body. Thus 
TH =TB-—RB. 


Local Hour Angle (LHA) Method. The third 
method mentioned above is the LHA method. 
No celestial tables other than those in the Azr 
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Almanac are needed with this method. The 
astrocompass was designed primarily for use with 
the LHA method. The procedure is as follows: 


1. Extract the GHA and declination of the 
body from the Air Almanac for the time at 
which the observation will be made. Apply the 
exact DR longitude to the GHA of the body 
to find the LHA of the body. 


2. Set the LHA by depressing and turning the 
LHA knob. 


3. Move the sight until the pointer is opposite 
the declination of the body. 


4. Set the DR latitude with the latitude knob. 
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CORRECT 
SIGHTING 


Sight along the vertical 


5. Mount and level the astrocompass. 


6. Turn the azimuth circle until the body 1s 
in line with the sight. Make sure the astro- 
compass Is still level. This is done at the expected 
time of observation. 


7. Read the true heading opposite the lubber 
line. 


Accuracy Depends on Sighting 


The accuracy of true headings obtained by 
astrocompass depends on the alignment of the 
base standard, the sight of the astrocompass, 
and on the method used. 


Whenever possible, bodies of low or medium 
altitude should be used so that the leveling of 
the instrument will not be critical. Even so, it is 
important that the astrocompass be level at the 
instant the body is sighted. 


In some cases, when using the LHA method 
with the astrocompass, a sight cannot be made 
directly on the body. This is caused by incor- 
rect latitude or longitude. Then, regardless of 
the position of the sight relative to the vertical, 
the sight should be aligned with a point vertically 
above or below the body as shown at the top of 
the related illustration. This illustration also 
shows the error that can occur from an incorrect 
sight. 


12-47 


AFM 51-40 VOL Il 15 APRIL 1960 


PLANE OF THE 
AZIMUTH 


CORRECT SIGHT 






INCORRECT SIGHT 


Sighting as it appears with the true bearing and relative bearing methods 


Sometimes the LHA method isnot as accurate 
as the true bearing or relative bearing methods 
because the sighting assembly may be tilted to 
one side. This tilt is not present with the true 
bearing or relative bearing methods. Consider 
the following situation when using the shadow 
bar on the sun. 


Observe that the shadow moves at right 
angles to the shadow bar when the azimuth is 
-otated. The shadow can be easily and accurately 
iligned with the etched lines on the screen. A 
slight error in alignment is readily discernible, 
is shown on the right-hand side of the illustra- 
lon. 


Now consider a shadow bar that is tilted to 
she side in respect to the plane of the celestial 
jorizon. In this ease, the shadow does not move 
it right angles to the shadow bar when the 
izimuth circle is rotated. Even though the 
neorrect sight is only slightly out of the correct 
yosition, a considerable turn of the azimuth 
‘ircle is necessary to correct the sight. The sight 
‘ould appear to be correct and still be several 
legrees in error. If the shadow bar is tilted all 
she way over, parallel to the azimuth circle, 
the azimuth circle could then be moved 5°, 10°, 
9 15° and the shadow would still be in the 
yarallel lines. The movement of the shadow is 
nost discernible when the shadow bar is vertical, 
ind since this is the way it always appears with 
he true bearing or relative bearing methods, 
these are the most accurate. 
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The LHA method is also inaccurate when the 
body is at a high altitude. In this case a full 
shadow is not obtained on the screen of the 
sighting bar and the shadow must be aligned 
with the etched lines on the bottom of the sight- 
ing assembly. The movement of the shadow is 
hardly discernible, and an accurate alignment is 
very difficult to make. 


Bearings from Terrestrial Objects 


There are times when the measured bearing 
of a terrestrial object is extremely useful. Per- 
haps a prominent mountain peak can be seen 
above a layer of clouds. A series of bearings 
taken on the peak will provide an accurate 
running fix. The astrocompass can also be used 
to measure the distance to a landmark or city 
by measuring the time it takes to pass through 
a given angle. If the true bearing of the moun- 
tain can be determined and it appears on the 
chart, a line of position can be drawn from the 
mountain through the position of the aircraft. 
It takes only a few seconds to set up the astro- 
compass to obtain a bearing on a terrestrial 
object. The procedure is as follows: 


TRUE BEARING 
1. Mount and level the astrocompass. 
2. Set the latitude seale at 90°. 


3. Turn the azimuth circle until the true 
heading is opposite the lubber line. 
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Sighting as it can appear using the LHA method 


4. Set the sight at any convenient declination. 
Depress the LHA knob and rotate the sight into 
alignment with the terrestrial object. 


5. Note the time and read the true bearing 
of the object on the LHA drum opposite the 
true bearing index. 


RELATIVE BEARING 
1. Mount and level the astrocompass. 
2. Set the latitude scale at 90°. 


3. Turn the azimuth circle until 0° is opposite 
the lubber line. 


4. Set the sight at any convenient declination. 
Depress the LHA knob and rotate the sight 
into alignment with the terrestrial object. Note 
the time and true heading of the aircraft. 
(Derive the true heading from the magnetic 
(compass reading. ) 


5. Read the relative bearing of the object on 
the LHA drum opposite the true bearing index. 
Add the relative bearing to the true heading to 
obtain the true bearing. This is the true bearing 
of the object from the aircraft for the time of 
the observation. 


Star Identification 


The astrocompass can be used to locate any 
particular celestial body by using the following 
procedures: 


1. Precompute the altitude and true azimuth 
of the body to be located. 


2. Set the latitude scale of the astrocompass 
on 90°. 


3. Set the computed altitude of the body on 
the declination scale. 


4. Set the true azimuth of the body on the 
LHA scale opposite the true bearing index. 


5. Set the true heading of the aircraft at the 
true heading index. 


6. Mount and level the astrocompass. The 
body to be located should be in the sight or 
very close to it. 


Calibration. If the astrocompass or its base 
standard is incorrectly aligned, the true headings 
and bearings obtained with the instrument will 
be erroneous. Therefore, the alignment of the 
astrocompass must be checked before each flight. 


The astrocompass is correctly aligned when 
the longitudinal axis of the sight is in line with 
the 0°-180° axis of the LHA drum and the true 
heading lubber line is parallel to the longitudinal 
axis of the aircraft. 


Alignment of the Sight 


One method of checking the alignment of the 
astrocompass is through the use of the E-1 test 
stand. Normally, the E-1 test stand will be 
located in the base instrument shop. The test 
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stand is an instrument that has been devised to 
check the astrocompass throughout its entire 
range. It consists of a base with three leveling 
screws, a base plate scale with a lock and locking 
screw, a sight assembly, and separate checking 
scales for checking declination and latitude 
scales. The illustration shows the test stand 
with the astrocompass mounted on it. The 
fluorescent lhght assembly is not shown in this 
illustration. 


Operation of the E-1 Test Stand. To use the 
test stand, obtain a standard astrocompass 
mount and place it on the base plate of the 
test stand. Position the mount on the base plate 
scale with the fore and aft lines on the mount 
aligned with the fore and aft line on the scale. 
Then place the astrocompass in the mount and 
clamp it with the clamp screw. 


Next, level the base with the leveling screws 
until the bubbles in the base levels are centered. 
Then level the astrocompass in the adapter 
with its leveling screws. Rotate the base plate 
scale in 60° intervals and check the level at 
each position. It is normally necessary to take 
half of the correction in each case on the com- 
pass and half on the base, proceeding by trial 
and error until the compass is level in all 
positions. If any test shows an excessive error, 
check the compass level before rejecting it. 


Tilt the sight to see that the zero reference 
line on the test stand base aligns with the 
vertical crosshair in the sight. 


NOTE 


All sightings in the test are made using 
the vertical crosshair unless otherwise 





specified. 


Zero the base plate scale, then raise the sight 
to see the TRUE HEADING arrow. If neces- 
sary, unlock the scale and turn it to bring the 
arrow under the crosshair, then read the error 
at the base reference line. This error should 
not be greater than 14°. (Jot down the amount 
of each error found throughout the entire test.) 


To check for azimuth error: Check that the 
zero, or N, of the azimuth scale is also in line with 
the crosshair. Unlock the base plate scale and 
rotate it 30°. Raise the sight to read on the 
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E-] test stand 


azimuth scale. If necessary, twist the base plate 
scale to bring the 30° azimuth mark under the 
crosshair and check the amount of the error at 
the base plate scale. This error should not be 
greater than 14°. Repeat this test each 30° over 
the full azimuth scale. 


To check the LHA scale: Zero the base plate 
scale, azimuth scale, and the LHA scale. Check 
that the latitude scale is on 90°, and that the 
micrometer drum is on zero. Raise the sight to 
see that the 180° mark and the TRUE BEAR- 
ING line fall under the crosshair. If necessary, 
twist the base plate scale to bring the marks 
and the line under the crosshair and read the 
error at the base scale. This error also should 
not be more than 14°. Displace the base plate 
scale at 30° intervals and check the entire scale 
except where the sight is blocked by the com- 
pass construction. In each case, check the error 
at the base scale. 


To check the latitude and declination scale: Set 
the base plate scale at 90° and the micrometer 
knob at zero. Now sight on the LAT index line. 
If necessary, bring the 90° mark into line with 
the micrometer knob and read the amount of 
error on this knob. Then turn the base plate 
scale 180° to the 270° mark and lock it. Raise 
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the sight to read on the zero mark of the declina- 
tion scale. If necessary, turn the micrometer 
knob to bring the mark under the crosshair and 
then read the error on the micrometer knob. 
Again, this error should not be over 14°. Finally, 
take the separate latitude and declination 
checking scales (supplied with the stand) and 
position them against the compass latitude and 
declination scales, respectively. Align the center 
marks and check by eye that all major marks 
coincide with 14° on both sides of center. 


To check the declination sight: Set the base 
plate scale at 180°, zero the azimuth scale, LHA 
scale, and latitude scale (90°). Tilt the declina- 
tion sight on its pivot to 30° and sight on the 
upright shade line of declination; the sight should 
be parallel to the crosshair of the test stand 
sight. Then tilt the declination sight to the 
limit and sight on the base lines of declination; 
again, the sight should be parallel to the horizon- 
tal crosshair of the stand sight. 


Add all of the errors found. They should not 
exceed 114°. 


This test is quite extensive and requires 
special equipment. As was stated, normally the 
equipment will be in the base instrument shop. 
However, you should check to determine 
whether or not the test has been made. 


AZIMUTH CIRCLE SIGHT ASSEMBLY 
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Preflight Check: There is also another much 
simpler procedure for checking which you can 
and should accomplish before every flight when 
the astrocompass is to be used. This check does 
not take the place of the check that is given 
with the test stand. The test stand checks the 
entire scale of the astrocompass whereas this 
simple check is made at only one place on the 
scale. This second check will reveal errors that 
exist if the entire scale is out of alignment. 


The alignment of the astrocompass can be 
checked easily and rapidly in the following 
manner: 


1. Set TB index at 360°. 
2. Set latitude scale at 0° North latitude. 


3. Adjust sight assembly and azimuth scale. 
The scale should read 360°. If it does not, note 
the amount and direction of the error. For 
example the scale may read 002°, in which case 
the error is 2° high. 


4. Reset latitude scale at 0° south latitude. 
The TB index remains at 360°. 


5. Adjust sight assembly and sight in the 
reverse direction through the sight. The azimuth 
scale should read 180°. Note the amount and 
direction of the error, if any. If the scale reads 
178°, the error is 2° low. 


If the reading in step 3 is 360° and the reading 
in step 5 1s 180°, there is no internal misalign- 
ment in the instrument; therefore, the instru- 
ment may be used to obtain TH by the LHA 
method. 


If the errors, found in steps 3 and 5, are equal 
in amount but opposite in direction, parallel 
misalignment exists. Usually this is due to the 
declination scale being laterally displaced from 
the 0°-180° line but still parallel to it. Since 
celestial bodies are at an infinite distance (for 
celestial purposes), no noticeable error will 
result in the true heading. If the errors are 
unequal but in the same direction, a definite 
and variable error will exist in the resultant 
true heading. The sight assembly 1s attached to 
the LHA drum by two screws at its base. It 
may be possible to remove the internal error 
by loosening the screws and aligning the sight 
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assembly with the 0°-180° axis of the instrument. 
If the internal error cannot be removed by 
adjusting the sighting assembly, the astrocom- 
pass should not be used for obtaining true 
headings by the LHA method. However, it may 
be used for the true bearing and relative bearing 
methods provided an accurate mount align- 
ment correction is applied to all true headings 
taken on the astrocompass. 


Alignment of Mount 


An accurate mount alignment correction must 
be obtained before the astrocompass is used for 
any purpose or by any method. The mount 
alignment correction or external alignment will 
include any internal alignment error. 


Several methods are used to align the astro- 
compass mount, or base standard, with respect 
to the longitudinal axis of the aircraft. The 
specific method chosen depends upon the type 
of aircraft and the existing conditions. 


METHOD A. One of the most practical methods 
of aligning the astrocompass mount involves 
taking a bearing on the vertical stabilizer of the 
aircraft. The following procedure is used if the 
astrocompass mount is on the _ longitudinal 
center line of the aircraft (center line of astro- 
dome). 


1. Set the latitude scale to 90°. 


2. Set the TRUE BEARING index on the 
LHA drum to 180°. 


3. Level the lateral bubble. 


4. Sight on the vertical stabilizer (near the top 
of the stabilizer where it is relatively thin). The 
sighting is accomplished by rotating the azimuth 
circle until the vertical stabilizer is aiigned with 
the sight. The true heading index should now 
read 0°. 

METHOD B. The following procedure is used 
if the astrocompass mount is not on the longi- 
tudinal center line of the aircraft. 


1. Obtain the distance between the astro- 
compass and the vertical stabilizer. 


2. Measure the distance between the lon- 
gitudinal center line and the astrocompass. This 
is usually the same as the lateral displacement 
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of the astrocompass from the center of the 
astrodome. 


3. Using the square grid portion of the DR 
computer: 


a. Place the grommet over 0 miles. 
b. Place 180° under the TRUE INDEX. 


ec. Mark off, from the grommet down, the 
distance in feet from the astrocompass to the 
vertical stabilizer. 


d. If the astrocompass is displaced to the 
right (facing forward) of the center line, rotate 
the compass rose counterclockwise until this 
mark on the plastic disk is displaced from the 
center vertical line the same increment in feet 
as the astrocompass is displaced from the center 
line. Read the bearing of the vertical stabilizer 
under the TRUE INDEX. Rotate clockwise if 
the displacement is to the left. 


4. Set the bearing determined, using the com- 
puter under the TRUE BEARING index on the 
LHA drum of the astrocompass. 


5. Set the latitude at 90°. 
6. Level the lateral bubble. 


7. Rotate the azimuth ring and sight on the 
vertical stabilizer. The true heading index should 
read 0°. 


If the true heading index does not read zero, 
the mount can be aligned with the longitudinal 
axis of the aircraft by loosening the alignment 
screws in the base standard, rotating the mount 
until the true heading index reads zero, and 
retightening the screws. Be sure to recheck the 
alignment after the screws have been retightened. 


The alignment of the astrocompass mount 
can be checked at any time, in flight or on the 
ground, if the bearing of the vertical stabilizer 
(or some other point on the aircraft) is known. 


Remember, the astrocompass is a very ac- 
curate instrument and it is used on virtually all 
flights to determine an accurate true heading. 
Therefore, the alignment must be checked and 
corrective action taken if any errors exist. 
Whenever possible, periodic checks should be 
made of the instrument using the test stand; 
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Components of SCR-718C 


however, a routine part of the preflight check 
should be to check the astrocompass and its 
mount. The readings taken from the instrument 
can be no more accurate than the alignment 
permits. 


ABSOLUTE ALTIMETER 


Accurate absolute altitude is an important 
requisite for navigation, photography, and 
bombing as well as for safe piloting. It is partic- 
ularly important in pressure pattern navigation. 
Absolute altitude may be computed from the 
pressure altimeter readings if the position of the 
aircraft 1s known, but the results are often 
inaccurate. Under changing atmospheric con- 
ditions, corrections applied to pressure altim- 
eter readings to obtain true altitude are only 
approximate. In addition, any error made in 


determining the terrain elevation results in a 
corresponding error in the absolute altitude. 
Such an error in absolute altitude makes ground- 
speeds by timing inaccurate and precludes 
reasonable accuracy of soundings for pressure 
pattern navigation. 


SCR-718C Radio Altimeter 


The SCR-718C absolute altimeter is a radio 
altimeter which indicates the absolute altitude 
of the aircraft above the terrain. This altimeter 
does not warn of approaching obstructions such 
as mountains because it measures altitude to a 
point directly below the aircraft. 


COMPONENTS 


The SCR-718C consists of the indicator, 
the transreceiver, and the two antennas. The 
interconnection of the units is shown in the 
associated illustration. 
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SCR-718C 


Indicator. The indicator, as shown, utilizes a 
J-type cathode ray tube to indicate absolute 
altitude. The circular trace is graduated in 
1000-, 100-, and 50-ft increments. One complete 
revolution represents 5000 feet. The indicator 
has the following controls: receiver gain (on-off), 
circle size, times 1-times 10 (x1- x10) selector 
switch, times 1 (X1) zero adjust, and times 10 
(X10) zero adjust. A pilot light indicates when 
the set is operating. 


Transreceiver. The transreceiver is a com- 
bination of a very high frequency transmitter 
and a receiver that is pretuned to the same 
frequency. It generates the radio pulses, trans- 
mits them, and receives the energy after it has 
traveled from the aircraft to the ground and 
back. At the time the pulse is transmitted the 
reference lobe is produced on the indicator 
scope. The reflected lobe is presented on the 
scope when the reflected energy is received. 
The transreceiver has an active fuse and a 
spare located on the front of the unit. 


Antenna System. The antenna system con- 
sists of two identical antennas which are usually 
mounted on the underside of the fuselage. One 
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antenna is used for transmitting and the other 
for receiving. Unless the antennas can be shielded 
from each other by some part of the aircraft 
fuselage, they are mounted in line at least 7, 
but not more than 14 feet apart. This arrange- 
ment is necessary to prevent excessive feed- 
through of the transmitted energy from the 
transmitter antenna to the receiver antenna. 
In every case the antennas are mounted in 
such a manner that the transmitted energy 
returns to the receiving antenna by the shortest 
path. 


The length of the lead-in cable from each 
antenna adds a delay to the total travel time 
of the radio energy. This residual delay is 
marked on a small aluminum band around the 
lead-in cable, near the transreceiver. Methods 
of correcting for the error caused by the residual 
delay will be discussed under operating pro- 
cedures. 


NOTE 


The importance of the correction for 
residual delay decreases as the altitude 





increases. 


OPERATING PRINCIPLES 


The absolute altimeter transmits a pulse of 
radio energy which travels from the aircraft 
to the ground and is reflected back to the re- 
ceiver. The travel time of the pulse to the ground 
and back is measured on a cathode ray tube 
as the distance between two lobes or pulses. 
The zero or reference lobe is produced by leakage 
of the transmitted energy in the receiver section 
of the transreceiver and in the cables to the 
antennas. The result is that the beginning of 
the pulse on the scope indicates the approx- 
imate time the pulse leaves the transreceiver. 
The reflected or altitude pulse on the scope is 
produced when the reflected energy is received 
at the transreceiver. The difference between the 
two pulses represents the travel time which is 
converted to feet by a scale fitted on the face 
of the scope. One half the time out and back 
multiplied by the speed of radio energy equals 
the altitude of the aircraft. 


OPERATING INSTRUCTIONS 


All controls are located on the indicator. To 
put the system into operation, turn the receiver 
gain knob clockwise about one-half turn and 
allow three minutes for the tubes to warm up. 
If the x1 — X10 switch is on X1, the trace 
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should appear under the black circle of the 
altitude scale. If it does not, the circle size 
control is used to make the circle the correct 
size. In the x1 (times one trace) position, the 
scale represents 5000 feet for each revolution. 


When the X1 — X10 switch is changed to 
the x10 position, the trace should appear 
about one-quarter inch inside the scale circle. 





Times ten trace 


If it does not, adjust the circle size control. 
Instead of a rounded lobe as on X1, the lobe 
on X10 is small and pointed. The gain control 
should be adjusted until the top of the x10 
pulse is touching the scale circle. On the x10 
(times ten trace) position, one revolution on the 
scale represents 50,000 feet. Thus, when the 
reflected lobe is at the triangle pointer labeled 
two on the scale, the absolute altitude is 20,000 
feet. If the trace is positioned correctly on the 
<1 position, 1t should also be positioned cor- 
rectly when the system is switched to the «10 
position. If it is not, a circle size ratio control 
visible through a hole on top of the indicator 
may be used to adjust the ratio between the 
two circle sizes. 


The system should be allowed to warm up for 
a period of approximately 3 minutes. When the 
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WARNING 


This instrument can be dangerous. It 
uses high operating voltages, high enough to 
kill. The indicator face is perfectly safe, but 


do not disconnect any unit or cable of the 
equipment or remove the fuse unless the 
power is turned OFF. 


SCR-718C adjustment locations 


aircraft is in flight attitude, but still on the 
ground, adjust the gain for a 14” high pulse 
and then turn the 1 zero adjustment until 
the leading edge (counterclockwise edge) of 
the reflected pulse is at zero on the altitude 
scale. This should be done as the aircraft is 
on the takeoff roll. 


After the aircraft has attained an altitude of 
several hundred feet, turn up the receiver gain 
control until the zero pulse is one-quarter inch 
high. Notice that the zero pulse is now to the 
left of zero and at about —30 feet. Do not move 
it back to zero. 


When an altitude reading is desired, adjust 
the receiver gain control until the reflected 
pulse is one-quarter inch high. The altitude is 
determined by the scale reading of the reflected 
pulse. 


When taking a reading, the xl — x10 
switch is placed in the X10 position to determine 
the aircraft’s altitude to the nearest 5000 feet. 
It is then returned to X1 position to read the 
altitude accurately. On the SCR-718 E the x10 
switch is spring-loaded to the x] position. 


COMMON MALFUNCTIONS 


Like any electrical instrument the altimeter 
is subject to malfunctions. The following is a 
discussion of some of the things that may occur 
and the corrective action that can be taken. 
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Power Failure. If the pilot light does not 
light up when the receiver gain control is turned 
clockwise: 


1. Turn the power OFF. 


2. Check the active fuse (in the transreceiver). 
If it is ““‘blown,’’ put in the spare fuse and turn 
the receiver gain control on again. (A spare fuse 
is located just above the active fuse.) 


3. If the pilot hght still does not come on, 
check the pilot lamp itself. 


4. Turn the power OFF. 
5. Check the power cables. 


6. If the trouble is not in the fuse, lamp, or 
power cables, it is a problem for a specialist. 


Appearance of Trace. If the trace does not 
appear, or is not perfectly circular in shape, 
there is some defect in the circuit. You cannot 
correct this. Call a specialist, who will check the 
set and make the necessary replacements. 


If the trace or pulses are dim or fuzzy, the 
indicator can be removed and the brilliance 
and/or focus controls (on the underside as 
shown in the illustration) adjusted for optimum 
readability. 

If the trace is not centered properly, large 
errors may result. Again, on the underside of 
the indicator, the vertical and horizontal 








centering controls can be adjusted for proper 
centering of the circle trace. - 


LIMITATIONS 


Although the scale appears capable of indicat- 
ing altitudes up to 50,000 feet, the instrument is 
not designed for use above an absolute altitude 
of 40,000 feet. Any attempt to use it above this 
altitude may impair operation. 


For additional instructions and information, 
refer to the applicable technical order. 


APN/1 Radio Altimeter 


The APN/1 radio altimeter is designed to 
provide a dial indication of the altitude of the 
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Radio altimeter AN/APN-I 


aircraft relative to the terrain. This equipment 
may be used in conjunction with an automatic 
pilot to control altitude. 


COMPONENTS 


The components of the APN/1 are the trans- 
mitter-receiver, the altitude indicator (either 
single or double range), the altitude limit 
switch, and two antenna assemblies. Included 
in many cases as additional equipment is the 
limit indicator. These units are shown in the 
accompanying illustration. 


Transmitter-Receiver. The transmitter-receiver 
is of a standard type, transmitting a radio 
frequency carrier from the transmitting antenna 
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and receiving the reflected signal from the 
earth’s surface on a separate receiving antenna. 


Altitude Indicator. The altitude indicator is a 
meter operated by the detected return signal, 
and calibrated in feet of altitude (0-400 feet in 
the low range and 0-4000 feet in the high range). 
On the front of the indicator housing are two 
knobs; the lower left is the power switch, and 
the upper right is the range switch. 


Limit Switch. The limit switch determines the 
altitude at which the limit indicator operates. 
The setting of the limit switch also determines 
the reference altitude of control when the altim- 
eter is used with an automatic pilot. The switch 
scale is calibrated directly in feet for the low 
range; the same scale reads in tens of feet for the 
high range. 


Antennas. The antennas are located either “‘in 
line’ parallel to the longitudinal axis of the 
aircraft, or parallel to each other if sufficient 
shielding can be obtained from some part of the 
aircraft. In either case, the spacing between the 
antennas should not be less than 7, nor more 
than 1+ feet. 


Limit Indicator. The limit indicator relieves 
the pilot of having to monitor the indicator 
scale constantly. It consists of three colored 
lamps. one of which is illuminated for each of 
the three conditions of relay contact operation. 
The colored light svstem is as follows: 


1. Green — Flight above the “‘preset altitude” 
,imit switeh setting). 


2. Red — Flight below the “‘preset altitude”’. 


9 


3. Amber — Flight at approximately the 
“preset altitude.’ 


OPERATING PRINCIPLES 


The operating principles of the equipment are 
based on the constant velocity of radio waves 
through space. If the time interval ean be 
accurately measured, the distance traveled bv 
the radio wave can be determined. 

The transmitter emits a signal at a pre- 
determined frequency. The earth's surface 
reflects a portion of the carrier wave, and this 
reflected signal is received. During the time 


12-58 


interval required for the signal to travel out 
and back, the transmitter frequency will have 
changed. A combination of the transmitted and 
received signals produces an average frequency 
which is proportional to the altitude of the 
aircraft above the ground. 


OPERATING INSTRUCTIONS 


To operate, turn the power switch to the ON 
position. Unless the aircraft is in flight above the 
high range, set the range switch for the LOW 
RANGE. After allowing one minute for the 
tubes to heat, observe that the pointer of the 
indicator has moved from its subzero stop 
position to some other position, indicating that 
the equipment is energized. 


At an altitude considerably above the upper 
limit of each range of the equipment, the 
indicator pointer may be expected to fall back 
from its full stop position. 


All compensation and/or calibration must be 
accomplished by trained specialists with special 
test equipment. 


IN-FLIGHT MALFUNCTIONS 


In-flight maintenance on this equipment is 
limited to checking for a blown fuse. The fuse is 
located at the lower right-hand corner of the 
transmitter-receiver and is located immediately 
below a spare fuse receptacle. The equipment is 
protected by a 3-amp fuse for 27-volt models 
and a 6-amp fuse for 18.5-volt models. 


If substitution becomes necessary for the 
fuse (type 4A6 Littlefuse) supplied with the 
equipment, use a ‘‘slow-blowing’’ fuse such as 
Littlefuse type 1443. For temporary emergency 
use a fuse of the next higher current rating 
such as Littlefuse Number 1094. 


In the event of failure to operate: 
1. Check for burned-out fuse. 
2. Check all cable connections for tight fit. 


3. Check to see that normal voltage is 
being delivered. 
For additional information refer to the appli- 
cable technical order. 
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MOUNTING 


RADAR, RECEIVER TRANSMITTER 


HOUSING, RECEIVER TRANSMITTER 
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ELECTRONIC CONTROL AMPLIFIER 


Radar set AN/APN-22 


AN/APN-22 Radar Altimeter 


This radar altimeter also provides a dial 
indication of the altitude of an aircraft above 
the terrain. It is designed to eliminate the 
necessity of adding antennas or any other 
equipment external to the surface of the aircraft. 
This equipment may also be used in conjunction 
with an automatic pilot to control altitude. 


COMPONENTS 


The components of this system include the 
receiver-transmitter, the height indicator, and 
the electronic control amplifier. See the illustra- 
tion of these units. 


. Receiver-Transmitter. The receiver-transmitter 
Is a small rectangular unit designed for flush 
mounting in the underside of the wing, horizontal 


stabilizer, or fuselage of the aircraft. It contains 
the transmitting and receiving antennas and the 
necessary units for transmitting and receiving. 


Electronic Control Amplifier. The electronic 
control amplifier contains all of the required 
electronic equipment except that contained in 
the receiver-transmitter. Its main function is to 
amplify the signals which operate the equipment. 


All of the calibration controls for the system 
are located on the amplifier. 


Height Indicator. The height indicator gives 
the altitude of the aircraft on a single dial with 
a single pointer. The scale is logarithmic and is 
graduated in tens of feet for the first 200 feet. 
From 200 feet to 20,000 feet, the graduations 
are gradually compressed. 
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Height indicator 


The indicator contains the only operating 
control on the equipment. This control is a 
single knob that operates the ON-OFF switch 
and also selects the altitude limit. Notice the 
small triangular mark at the 180-foot mark on 
the indicator illustrated. This pointer can be 
preset to any desired altitude by the ON-LIMIT 
control and is used as a reference for flying at 
fixed altitudes. The altitude can be maintained 
by observing the position of the pointer with 
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respect to the small marker instead of the 
actual altitude scale. In addition, a red light 
on the front of the indicator lights up when the 
aircraft is at or below preset altitude. 


OPERATING PRINCIPLES 


Like the APN/1, the operation of this altim- 
eter is based on the constant velocity of radio 
waves through space. If the time interval can 
be measured, the distance traveled by the wave 
can be determined. 


The transmitter radiates a frequency mod- 
ulated signal to the ground. A portion of this 
signal is reflected back to the aircraft. During the 
time interval required for the signal to travel 
out and back, the transmitter frequency has 
changed. This change causes a difference to 
exist between the signal being transmitted and 
the signal being reccived. The difference between 
the two signals is proportional to time, and 
therefore, also proportional to altitude. 


OPERATING INSTRUCTIONS 


All that is necessary to operate the equipment 
is to turn the power on and set the limit selector. 
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The instrument indicates altitudes to 10,000 
feet over land and up to 20,000 feet over water. 
When the signal becomes too weak to operate the 
system, a reliability circuit disables the indicator 
and the needle is positioned behind a mask to 
prevent its being used. 


All compensation and calibration must be 
accomplished by trained specialists with special 
test equipment. 


COMMON MALFUNCTIONS 


In-flight maintenance of this equipment is 
limited to checking for a blown fuse. There are 
three fuses located at the rear of the mounting 
for the control amplifier. In the event of a blown 
fuse, spare fuses are located on the bottom of 
the mount. Notice in the referenced illustration 
that there are six spare fuses. For further 
information regarding this instrument, refer to 
the applicable technical order. 


SUMMARY 


The SCR-718, APN/1, and APN /22 are used 
to determine absolute altitude for terrain clear- 
ance, bombing, photography, groundspeed by 
timing, and pressure pattern navigation. The 
APN/1 and APN/22 are primarily low level 
altimeters while the SCR-718 gives almost 
equal accuracy up to 40,000 feet. In addition 
to these altimeters, many radar sets have pro- 
visions for measuring absolute altitude. 


TRUE AIRSPEED INDICATOR 


The airspeed indicator indicates the true speed 
of the aircraft only under standard temperature 
and pressure conditions. For all other conditions, 
the indicated airspeed must be adjusted for the 
difference between actual conditions and stand- 
ard conditions. The adjustments are made on 
the DR computer as explained in chapter three. 
The same adjustments are made mechanically 
by the true airspeed meter. It uses an altitude 
diaphragm, airspeed diaphragm, and tempera- 
ture diaphragm to position levers in a mechanical 
linkage system that computes the true airspeed. 
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True airspeed indicator 


COMPONENTS 


The true airspeed indicator system consists 
of a pitot installation, an indicator that houses 
the airspeed, altitude, and temperature dlia- 
phragms, and a free air temperature bulb. 


Pitot System. The pitot system is described in 
chapter three. Its purpose is to sample the 
impact and static air pressures at a point outside 
the aircraft where there is the least disturbance. 


Temperature Bulb. The temperature bulb con- 
sists of the bulb assembly connected to an 
8-foot length of capillary tubing. A sun shield 
protects the bulb from the direct rays of the sun. 
The bulb is mounted in a position where it will 
not be affected by the slipstream of the pro- 
peller or engine heat. The capillary is connected 
to the temperature diaphragm in the indicator. 
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Schematic, true airspeed indicator 


Indicator. The indicator houses the airspeed, 
altitude, and temperature diaphragms. The 
linkages for converting the diaphragm positions 
into airpseed indications, as well as the calibra- 
tion screws are contained in the airtight case. 


OPERATING PRINCIPLES 


Impact pressure brought to the airspeed 
diaphragm from the pitot tube acts against 
static pressure, which is vented to the sealed 
indicator case to create differential pressure, 
and is the basic driving force of the indicator. 
The airspeed diaphragm expands as the speed 
is Increased and, after being compensated by 
the other diaphragms, actuates the sector gear 
which turns the indicator needle. The mechanical 
action can be seen in the schematic diagram. 


As altitude increases the static pressure 
within the case decreases permitting the sealed 
a:titude diaphragm to expand. As the diaphragm 
expands the leverage of the airspeed diaphragm 
on the intermediate rocker shaft is decreased, 
thereby giving a higher airspeed indication for 
a given value of impact pressure. 


The temperature diaphragm responds to pres- 
sures created in the temperature bulb by heat 
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reacting on a gas. Expansion or contraction of 
the temperature diaphragm changes the relative 
leverage between the intermediate rocker shaft 
and the main rocker shaft to either speed up or 
slow down the airspeed indication. 


The dial of the instrument indicates true 
airspeeds from 0 to 450 knots. A_ bimetallic 
compensator corrects the linkages for ambient 
temperature. Through mechanical linkages, the _ 
true airspeed indicator also corrects for compres- 
sibility and heat of compression errors. 








CALIBRATION 


Calibration of the airspeed meter is done by 
set screws in the top of the case. The calibration 
should be performed by experienced personnel _ 
only. The navigator should check the accuracy 
of the indicated true airspeed by the pilot’s 
airspeed indicator. The true airspeed is com- 
puted and compared with the true airspeed 
indicator reading to determine a correction. The 
correction is then applied to all subsequent true 
airspeed indicator readings. If the airspeeds vary 
by more than 10 knots from the original, a new 
computation should be made. 





For additional information on the true alr- 
speed indicator, refer to the applicable technical 
order. 


MACHMETER 












Mach number is a ratio of the speed of the 
aircraft to the speed of sound in the air existing 


at flight altitude. It can be expressed as . where 


V is the speed of the aircraft and A is the spee 
of sound. This ratio is called a Mach number in 
honor of Ernst Mach who first discerned its 
usefulness. ; 


sated to ietors that determine the poet z 
which the aircraft is subject to structural failure. 


For an aircraft flying at the speed of sound 
under existing temperature conditions at any 
given altitude, Mach equals 1.0. The Mach 
number is less than 1.0 for slower (subsonic) 


speeds, and greater than 1.0 for faster (super- 
sonic) speeds. The term transonic is applied 
to a range of speeds extending from slightly 
below to slightly above Mach 1.0. General 
agreement on the limits of the transonic region 
has not been reached. 


Mach number differs from true airspeed in 
One major way. In computing a true airspeed 
it was necessary to correct the indicated air- 
speed for the actual air density at flight altitude. 
This involved corrections for temperature and 
altitude. With the Mach number, these correc- 
tions are unnecessary since the existing tem- 
terature at the flight altitude determines the 
speed of sound. For any given aircraft, the Mach 
number will change from day to day, but since 
it is determined by the local speed of sound 
which in turn is determined by the density of 
the surrounding air, it is always a valid index 
to the speed and performance of the aircraft. 


COMPONENTS 


The Machmeter consists of a pitot tube 
installation and an indicator which contains the 
impact pressure diaphragm and the static 
pressure diaphragm. 


Schematic, subsonic Machmeter 
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OPERATING PRINCIPLES 


The impact pressure is piped from the pitot 
tube to the differential pressure diaphragm. The 
airtight case is vented to the static pressure 
source. The differential pressure created by the 
relative effects of the impact and static pressures 
on the differential diaphragm causes an expan- 
sion or contraction of the diaphragm. As the 
speed of the aircraft increases the impact 
pressure increases causing the diaphragm to 
expand and move the adjusting bracket upward. 
This allows a spring to rotate the sliding rocker 
arm which permits another spring to turn the 
sector gear and the indicator needle. Refer to 
the subsonic Machmeter sketch. 


As altitude increases the sealed static pressure 
diaphragm expands as much as the static 
pressure in the case will allow. The expansion 
of the diaphragm moves the sliding rocker arm 
along its axis, changing the lever arm of the 
sector which in turn moves the indicator to 
compensate for the effect of altitude. 


Note the operational schematic of a transonic 
Machmeter as shown. Even though the linkage 
is different, the operation is essentially the 
same. 


Schematic, transonic Machmeter 
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Maximum allowable airspeed indicator 


CONVERSION OF MACH NUMBERS TO 
TRUE AIRSPEED 


The dead reckoning computer can be used to 
convert Mach number to true air speed. The 
E-10A and MB-4 computers have a Mach 
number index at the clockwise end of the 
pressure altitude scale. The true air temperature 
is set opposite this index. True airspeed can 
then be read on the miles scale opposite Mach 
number on the minutes scale. 


MAXIMUM ALLOWABLE AIRSPEED INDICATOR 


Most high speed aircraft are equipped with 
a maximum allowable airspeed indicator. This is 
an airspeed indicator with an additional pointer 
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that continuously indicates the maximum allow- 
able airspeed for the particular aircraft under 
the existing flight conditions. 


As the speed of sound is approached, the 
flow of air over portions of the airframe pro- 
duces shock waves that have an effect on the 
flying characteristics of the aircraft which may 
damage its structure. Therefore, it is important 
to know the maximum safe speed of the aircraft. 
In the past this has been accomplished by 
redlining the airspeed instrument. The fallacy 
in this is that the maximum safe speed cannot 
be determined by a constant true airspeed. 
Mach number is the only index that can be 
depended upon to indicate the safe speed at 
any flight altitude or temperature. The max- 
imum allowable airspeed indicator, here illus- 
trated, uses a manually set Mach value and 
static pressure to position the maximum allow- 
able pointer on the true airspeed scale. 


COMPONENTS 


The maximum allowable airspeed indicator 
consists of the normal pitot tube installation 
and an airtight indicator case that contains the 
mechanism. 


OPERATING PRINCIPLES 


The indicator case is sealed and vented to the 
static pressure source. Impact pressure is piped 
to the airspeed diaphragm which expands as 
much as the static pressure in the case will 
permit. As the diaphragm expands the sector 
gear is rotated which in turn rotates the indi- 
cator pointer to indicate airspeed. 


The limiting Mach number is set with the 
screw driver adjustment on the lower left edge 
of the indicator. As the adjustment is made the 
Mach number indicator rotates to indicate the 
value that is set. The maximum safe indicator 
needle is operated by a separate system within 
the instrument. The maximum safe speed is a 
function of the static pressure and the preset 
Mach number. An aneroid diaphragm expands 
as much as the static pressure in the sealed 
indicator case will allow. As the diaphragm 
expands the rocker shaft rotates, the sector 
gear is turned, and the safe speed needle turns. 





























When the screwdriver adjustment is rotated, the 
cam slides the rocker which changes its effective 
lever arm on the sector, thereby adjusting the 
safe airspeed for the preset Mach value. 


As an added precaution the critical Mach 
number, above which structural damage would 
be done to the aircraft, is set with a screwdriver 
adjustment on the back of the instrument. The 
screwdriver adjustment positions a safety stop 
that prevents the pilot from setting a higher 
Mach number. 


OPERATING PROCEDURES 


The recommended safe airspeed is set with 
the screwdriver adjustment. The aircraft is then 
flown to stay below the maximum airspeed 
pointer. 


If a desired Mach number is to be flown, set 
the desired Mach number with the screwdriver 
adjustment and fly the aircraft to keep the two 
pointers in coincidence. 


CALIBRATION 


Airspeed indicator installations are subject to 
two major groups of errors: instrument and 
position. 


Instrument errors are caused by faulty con- 
struction of the airspeed indicator or the pitot- 
static tube. They include scale errors, which 
might be caused by the inaccurate graduation 
of the indicator dial, friction errors caused by 
friction in the moving parts, and any other 
mechanical errors in the system. 


Position errors are due to the location of the 
pitot-static tube and to the inclination of the 
tube with respect to the direction of the air- 
stream. They include static pressure error and 
pitot pressure error. 


Static pressure error results from the location 
of the static source and from the attitude of the 
aircraft. Any disturbance of the air in the region 
of the static source will cause an error in the 
static pressure. Most modern aircraft have the 
static source mounted flush with the skin of 
the aircraft at some point where disturbances 
in the airflow are at a minimum. However, there 
remains some disturbance of the air around the 
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aircraft which, of course, may cause some error 
in the static pressure. 


Pitot pressure error results from the inclina- 
tion of the pitot tube. If the attitude of the 
aircraft is other than the normal attitude 
because of differences in loading, and so forth, 
the pitot tube is not parallel to the airstream 
and the full impact pressure is not felt in the 
pitot tube. Tests conducted by the manufacturer 
determine these errors, which are appreciable. 
It is not possible to predict the corrections for 
each airspeed installation. They must be 
determined experimentally. 


Before going into the actual procedures for 
calibrating the airspeed indicator, review the 
definitions of airspeed as given in chapter three. 


Basic airspeed is the indicated airspeed cor- 
rected for instrument error. Calibrated airspeed 
is basic airspeed corrected for pitot-static error 
and/or attitude of the aircraft. Calibrated 
airspeed is obtained from a table designed for 
one particular model aircraft. The table is 
entered with basic airspeed and gross weight of 
the aircraft. 


Because the calibrated airspeed changes with 
the condition of flight, determining a correction 
to be applied to indicated airspeed to find 
calibrated airspeed would be a lengthy process. 
It would necessitate calibration at all altitudes 
and under varying conditions of flight (different 
gross weights). 


The procedures outlined below are for de- 
termining the error in the airspeed system. The 
results of the calibration run are used to make a 
calibration card to convert indicated airspeed 
to basic airspeed. 


Four methods of calibration are used: trailing 
a static tube, use of a C-1 test set, timing flight 
over a measured course, and use of a Bomb-Nav 
computer. 


TRAILING STATIC TUBE 


The total error in the airspeed indicator and 
pitot-static system is found with this method: 
A streamlined 16-pound static tube is trailed 
below and behind the aircraft in undisturbed 
air. The tube is suspended by a cable from a 
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STATIC TUBE 


SWIVELING TOTAL 
HEAD TUBE 


Calibrating the airspeed indicator in flight trailing a static tube 


pivoting device. Also, notice in the related 
illustration that the tube is fitted with stabilizing 
fins. Thus, the tube is always aligned with the 
airstream. Static pressure picked up by the tube 
is conveyed by hose to a master airspeed 
indicator. 


A swiveling total head tube installed on the 
aircraft’s nose or atop the fuselage is connected 
to the master indicator. The action of the air- 
stream on the fin of the tube keeps the open end 
of the tube pointed directly into the airstream, 
thus determining pitot pressure error. 


The total error in the airspeed indicator is 
found by comparing its readings with those of 
the master indicator. Notice that with this 
system the total error is determined, which 
includes instrument and position error. 


C-1 Test SET METHOD 


The C-1 test set is the most commonly used 
method. The C-1 portable test set consists of 
pressure pumps and controls to simulate dif- 
ferent pitot and static pressures. By connecting 
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the aircraft instruments with the test set, com- 
parative readings can be taken, and the ac- 
curacy of the aircraft instruments determined. 
The test set should be operated only by quali- 
fied personnel. 


Corrective action can be taken and a ealibra- 
tion card, such as the one here shown, made 


Airspeed Calibration Card 


Insert Card eo that Range of Airspeed being aced is Vicible 


Calibration card 





from the results. Since this is a ground check 
and the C-1 test set is not affected by position 
error, the difference in the readings of the test 
set and the airspeed indicator is the amount 
of instrument error. 


TIMING FLIGHT OVER MEASURED COURSE 


This is a useful method because it does not 
require test equipment; however, it is not a very 
practical procedure for use with large or high 
speed aircraft. 


When using this method, first determine the 
true airspeed for various indicated airspeeds 
ranging from the lowest safe speed to the maxi- 
mum speed. Then find the basic airspeed for 
each of the true airspeeds with the computer 
and tables. The difference between the basic 
airspeed and the corresponding indicated air- 
speed is the znstrument error in the airspeed indi- 
cator. 


True airspeed is determined by taking a nu- 
merical average of two speeds obtained from 
timing two runs made in opposite directions 
over an accurately measured speed course, 
such as the one sketched. By making two runs 
in opposite directions the effect of the wind is 
cancelled out. 


BOMB-NAV COMPUTER SYSTEM 


Most bomb-nav systems have their own air- 
speed system. It is not so important to obtain 
the airspeed instrument error as it 1s to obtain 
the total error that will result from the air- 
speed system. The following procedures are 
used. 


1. Select a target and measure altitude ac- 
curately over it. The target should be one that 
can be identified by radar to facilitate initial 
synchronization. 


2. Make a wind run on the four cardinal head- 
ings, flying at a constant airspeed and altitude 
and using the selected optical target. If optics 
are not installed, use RAI or PPI even though 
accuracy will be decreased. 


3. Record the wind components on all head- 
ings. 
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4. If there is no appreciable difference in the 
headwind or tailwind components obtained on 
reciprocal headings, the TAS meter may be 
considered correct. If there is a difference, the 
following example illustrates the procedure 
used to compute the TAS error. If both N-S 
and E-W components vary greatly on reciprocal 
headings, the error is probably due to some 
cause other than TAS. 


a. Compute the difference in wind on the 
cardinal headings. Divide the difference in wind 
by 2 to obtain the TAS error. In the example 
the TAS error is 20/2=10 kts. 


b. If the wind reading is higher when flying 
with the wind, the TAS is low and the correction 
must be added. 


c. If the wind reading is lower when flying 
with the wind, the TAS is high and the correc- 
tion must be subtracted. 


d. The correction should be the same for 
N-S and E-W true headings. If they are not the 
same, the entire calibration must be flown 
again. 


The completed true airspeed form is turned 
into the armament and electronics section so 
that the necessary adjustments can be made to 
the tracking computer. 


SUMMARY 


Airspeed indicators are subject to two major 
errors: instrument and position. These must be 
taken into consideration when computing true 
airspeed. 





Timing flight 


12-67 





cit ee ee i 


ee te aay 


ere ee eee 


AFM 51-40 VOL 11 15 APRIL 1960 


TIMER ASSEMBLY ___ss—?—ri_. | 








en <a—_—_—_—— COUNTER 


PLASTIC DISC 


Al0-A sextant 


There are four methods for determining the 
errors in the airspeed indicator, namely: use 
of a trailing static bomb, use of a C-1 test set, 
timing flight over a measured course, and use 
of a bomb-nav computer. 


Trailing a static bomb gives the total error 
in the system, including instrument and posi- 
tion error. The C-1 test set and the course 
timing method give the amount of instrument 
error. The bomb-nav computer method gives 
the total error in the system. With this informa- 
tion, calibration cards can be made and placed 
near the indicator in the aircraft. 


SEXTANTS 


Celestial navigation requires a device to 
determine accurately the altitude of celestial 
bodies. That device is the sextant. Air naviga- 
tors use several types of bubble sextants. Only 
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the current models now in use will be discussed 
fully in this section. They are: the A-14 (AN 
5851-1), the A-15, the D-2 Periscopic/MS-2811, 
the MA-1, and the MA-2. 


The discussion of the various sextants will in- 
clude a description of the mechanisms and the 
procedures for operating and caring for them. 


A-10A Sextant 


The A-10A aircraft sextant illustrated is a 
precision instrument designed for use in aerial 
navigation. Only a few are still in operational 
use. With this instrument, the angular altitude 
of a celestial body can be measured and recorded 
with reference to a bubble artificial horizon. 
This sextant is an indirect sighting instrument, 
which means that by looking in a horizontal 
direction and turning a prism geared to an alti- 
tude scale it is possible to bring a celestial body 
into the field of view. With the body in colli- 
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mation, the altitude is read from the altitude 
counter. 


The A-10A has an automatic marking device 
which is operated by a solenoid. The solenoid, 
which causes the marking device to make a 
mark on a plastic disk, is actuated 60 times per 
minute by a timing mechanism. The battery 
must be used at all times since it furnishes power 
for the solenoid and bubble and counter illu- 
mination. However, if the solenoid or clock 
mechanism is inoperative, the marker can be 
operated manually. 


A-14 (AN 5851-1) Sextant 


The A-14 is an indirect sighting sextant de- 
signed for horizontal vision. This sextant in- 
corporates a chronometric averaging device 
which, at the end of a two-minute sighting 
period, indicates the average altitude on a 
counter and base scale. The averaging mechan- 
ism picks off the values of the altitude setting 
at two-second intervals and accumulates these 


values through a gear reduction on a counter. 
With the A-10A sextant the average can be 
determined for any desired time interval. With 
the A-14, a full complement of 60 observations 
must be made over a period of two minutes. 
If the collimation is stopped before the end of 
the two-minute period, the reading on the coun- 
ter is worthless. 


Since the bubble in the A-14 is opaque, the 
body must be viewed alongside the bubble. 
The A-14 also has an astigmatizer. If the astig- 
matizer is placed in the line of sight, the celestial 
body appears as a horizontal line of light and 
is placed through the bubble. Portions of the 
line of sight in this case will extend on either 
side of the bubble. 


COMPONENTS 


The component parts of the A-14 will be dis- 
cussed in four groups: the optical system, the 
horizon system, the averaging and altitude re- 
cording system, and the electrical system. 
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Optical System. The optical assembly is fun- 
damentally a telescope with the addition of four 
reflecting prisms: the eyepiece prism, the re- 
flector prism, the movable horizon prism, and 
the rotatable index prism. The light from a 
celestial body enters the sextant through the 
index prism which is controlled by the collima- 
tion drum. The light then passes through the 
telescope objective lens, through the reflector 
and eyepiece prisms and emerges at the tele- 
scope eyepiece lens. The bubble artificial hori- 
zon is formed in the bubble chamber, which is 
placed between the reflector prism and the eye- 
piece prism. In this way the light from the 
celestial body passes through the bubble cham- 
ber and the bubble and body images are viewed 
together. 


A sight on the natural horizon may also be 
obtained. To sight using the natural horizon, 
move the horizon lever which places the horizon 
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prism in the optical path as shown in the asso- 
ciated sketch. The horizon prism is situated 
so that the sighted image of the horizon and 
the body are made to coincide in the telescope 
objective lens. Then, as before, the images pass 
to the reflector prism, the eyepiece prism, and 
the telescope eyepiece lens. 


By rotating the shade glass disk on the back 
of the sextant, a choice is made of one of four 
filters or a blank opening. A notch in the disc 
opposite the blank opening makes it easy to 
find at night. In addition, a polarizing filter 
may be provided which slips into the eyepiece. 
If the sextant is to be used at night, a check 
should be made to see that the polarizing filter 
is not in the sextant. 


As mentioned before, the A-14 sextant is also 
equipped with an astigmatizer lens assembly 
which is used to change a point image into a 
narrow line. The assembly is operated by a 
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lever which swings the astigmatizer in or out 
of the optical path. In elongating the image of 
the sun, a star, or the full moon to a band of 
light, the astigmatizer makes observations more 
accurate under certain conditions. Instead of 
placing the body to the right or left of the cen- 
ter of the bubble, the line of light is bisected 
with the bubble. 


The eyepiece may be focused by loosening 
the collar that holds it and sliding it in or out 
until the desired focus is reached. 


Horizon System. Either a bubble artificial 
horizon or a natural horizon may be used with 
the A-14. The natural horizon was discussed 
under the optical system. 


The bubble for the artificial horizon is formed 
in the bubble assembly which consists of a 
diaphragm chamber and a bubble chamber. 
These two chambers are connected through a 
small port. The size of the vapor bubble is 
controlled by the pressure applied to a flexible 
diaphragm in the diaphragm chamber. 


The pressure is applied when the bubble con- 
trol is pressed. On some models of the A-14 the 
control is turned. Directions for the use of the 
control are printed on the sextant. Contrary 
to the A-10A sextant, it is not necessary to 
provide an outside source of light for the bubble. 
The bubble in the A-14 sextant is illuminated by 
a ring of luminous material which is painted on 
the bottom edge of the bubble chamber. 


Averaging and Altitude Recording System. 
The averaging device is a contributory mechan- 
ism used to obtain automatically the average 
reading from 60 sights during a two-minute 
interval. The purpose of the averager is to re- 
duce any error in the final mean reading caused 
by uneven acceleration of the bubble, oscilla- 
tion of the aircraft, or one or more inaccurate 
sights. 


The approximate altitude, within 15°, is 
set in the sextant to serve as a base for the 
averager. The main scale opposite the index 
prism is used to set the base. The exact position 
of the index prism can be read at any time by 
adding the altitude shown on the scale drum 
(top of the collimation control) to the approxi- 
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mate altitude shown on the main scale. During 
the two-minute period over which the averager 
works, increments of altitude corresponding to 
the position of the collimator control are picked 
off through a gear train and added to the read- 
ing on the altitude counter. The total counter 
reading at the end of two minutes is added to 
the base to obtain the average altitude. 


The averager is driven by a spring which 
must be wound before each observation. At the 
end of the observation the mechanism stops, and 
a shutter is dropped across the field of vision. 


Electrical System. The electrical system is used 
only to illuminate the altitude counter, the stop 
watch, if one is placed in the holder provided 
for it, and the main scale. Power is supplied 
by two 1.5-volt batteries carried in a pocket 
holder. The cable from the battery holder is 
connected to the sextant through a socket on 
the lower front of the sextant. The lights are 
operated by a switch on top of the averager 
drum. 


OPERATING PROCEDURES 


The operating instructions for the A-14 sex- 
tant appear on a plate which is riveted to the 
instrument. However, the procedure given here 
is more complete. 


1. Set the counter to zero by turning the coun- 
ter knob. If the counter is not zeroed, the ob- 
servation will be worthless. 


2. Wind the averaging device until a solid 
stop is reached. This resets the averager, winds 
the clock, and removes the shutter from the 
field of vision. 


3. Push lever 2 and rotate the scale drum toa 
stop. This operation engagés the sextant scale 
drum with the averaging device, and the stop 
indicates that the averager has been brought 
down to a base line. 


4. Push lever 1 to engage lever 2. This opera- 
tion disengages the averaging device from the 
sextant. 


5. If precomputation techniques are being 
used, set the He in the sextant. 
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6. Take a preliminary sight; that is, colli- 
mate the body. Then push lever 2. 


~%. Again, rotate the drum down to a stop, 
and if the amount of rotation is more than 2° 
as indicated on the micrometer drum, rotate 


the drum up to the sighted angle and collimate 
the body. 


8. If the amount of rotation down to the stop 
is less than 2°, disengage the averaging device 
by pushing lever 1, rotate the drum down 
approximately one full turn, push lever 2, and 
continue rotating the drum down to a stop. 
Then proceed with the sight. 


There is always a 15° spread between stops, 
which allows at least a margin of 2° on either 
side of the latitude of the body. This allows 
sufficient spread of altitude during observation. 


9. Push lever 3 to start the averaging mech- 
anism. - 


10. Maintain coincidence between the bubble 
and the celestial body. 


11. To obtain the average time, add one 
minute to the starting time of the observation, 
or subtract one minute from the time you finish 
the observation. 


12. To obtain the final average altitude, com- 
bine the counter reading with the main scale 
reading. Do not read the seale drum; this indi- 
cates the altitude of the 60th shot only. For 
example, if the counter reads 7° 44’, and the 
main scale pointer is between 2 and 8, the final 
reading is 27° 44’. Remember, the final main 
scale reading is within 2° of the average reading. 


CHECKING 


The A-14 should be checked for backlash, 
index, and collimation errors in the following 
manner. 


The simplest way to check for backlash error 
is to fix the sextant in position and sight on 
some object. Note the reading on this object. 
Then turn the collimation drum until the prism 
is rotated to the highest altitude. Now rotate 
the collimation drum until the sight is again on 
the same object. The second reading should be 
identical to the first. If the two readings are 
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not the same, the difference is the amount of 
backlash error present in the sextant. 


A collimator is used to check for collimation 
and index errors. If a collimator is not available 
an He curve may be used. The use of the He 
curve is explained in the celestial section of this 
manual. 


The timer and averager should also be checked 
as follows: 


1. Prepare the sextant as though an observa- 
tion is to be made. 


2. Set the scale drum on zero. 


3. Push lever 3. At the same time start a 
stop watch. 


4. Stop the watch when the averager stops. 
It should have run two minutes, and the read- 
ing on the counter dial should be 0° 00’. If either 
the timer or the counter is off an appreciable 
amount, turn the sextant in for repair. 


A-15 Sextant 


The A-15 sextant as illustrated, is a modifica- 
tion of the A-14 (AN 5851-1) and differs only 
in the averaging device. As with the A-14 sex- 
tant, it is necessary to take a two-minute ob- 
servation in order to obtain an average reading. 
The averaging device on the A-15 sextant is a 
fully integrating, variable time device. Aver- 
age readings may be determined for any amount 
of time up to two minutes. 


OPERATION OF THE A-15 SEXTANT 


1. Turn the reset knob as shown in the illus- 
tration, in the direction of the arrow, thus rotat- 
ing the time dial past the zero mark until a 
solid stop is felt. The clock mechanism should 
run for a few seconds and stop at the zero mark 
on the time dial. 


2. If the pointer, dial, and index on the side 
window are not in coincidence at this time, press 
the starting lever and let the averager run for 
approximately one minute. Then turn the alti- 
tude drum in whatever direction is necessary 
to realign the pointer, dial, and index in the 
side window. 
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3. If it was necessary to realign the pointer, 
dial, and index in step 2, repeat step number 1 
so that the time dial is again aligned on zero. 


4. Take a preliminary sight to set the approxi- 
mate altitude on the main scale. 


5. Note the time before sighting. 


6. While keeping the celestial body and bubble 
in coincidence, press the starting lever. At the 
end of the desired time of observation press the 
starting lever again to stop the averager. 


NOTE 





Holding the starting lever and /or rotat- 
ing the altitude drum beyond the two- 
minute period will have absolutely no 
effect upon the average since the averag- 


ing mechanism and the clock mechanism 
automatically stop at the end of a two- 
minute period. 


7. The averager may be stopped at any time. 
The half time of the period of observation is 
given on the half time dial below the eyepiece. 
The half time is added to the starting time to 
obtain the time of the observation. 


8. To determine the final average for an ob- 
servation of less than two minutes, turn the 
altitude drum until the dial, pointer, and index 
are in coincidence. Usually the dial should be 
rotated in the direction of the arrows; however, 
under some conditions, the dial movement will 
have to be reversed. Regardless of the direction 
in which the drum is turned, coincidence will be 
obtained at only one point throughout the en- 
tire range of the scale. If the altitude drum is 
rotated until a stop is reached and coincidence 
has not been obtained, reverse the direction 
of the drum rotation. For a full two-minute ob- 
servation the dial, pointer, and index should be 
aligned when the averager stops. 


9. The average is now read directly from the 
main scale and the altitude drum. 


10. Reset the mechanism as outlined in step 
1. Resetting the mechanism immediately upon 
completion of readings will avoid difficulty later 
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in bringing the pointer, dial, and index in co- 
incidence as outlined in step 2. 


All other functions of the A-15, except the 
averager, are the same as the A-14. For detailed 
information on the A-15 sextant refer to the 
applicable Technical Order. 


Periscopic Sextant 


Unlike the A-10A, and A-14, and A-15 sex- 
tants, the periscopic sextant is an integral 
part of the aircraft and is not issued to the 
individual navigator. The periscopic sextant, in 
addition to measuring celestial altitudes, can 
be used to determine true heading and bearing. 
Thus, the need for an astrocompass is elimi- 
nated. This also eliminates the need for an as- 
trodome, which in turn, eliminates the danger 
of astrodome blowout, the need for dome re- 
fraction correction, and permits better stream- 
lining of aircraft. 


COMPONENTS 


The periscopic sextant system, as illustrated, 
consists of four parts: the mount, the sextant, 
the electrical cables, and the carrying case. 
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The Mount. The mount, as shown in the re- 
lated illustration, is fastened permanently to 
the top of the fuselage of the aircraft. A shutter 
door is built into the mount to close the opening 
through which the tube of the periscopie sex- 
tant protrudes. This shutter door is controlled 
by the large lever handle on the mount. 


The sextant is held in the mount by two lock- 
ing pins located on the bottom of the mount. 
One pin is black and the other is silver. The 
black pin locks the sextant into the mount and 
holds it in the retracted position; the silver pin 
locks the sextant in the extended or shooting 
position. These pins are spring-loaded and must 
be pulled out to release the sextant. 


The locking pin section of the mount is not 
mechanically connected to the azimuth scale. 
The plate that covers all but a small segment of 
the azimuth scale, is part of the locking pin 
section. Consequently, the locking pin section 
will rotate freely in the mount. As it is rotated, 
different portions of the azimuth scale are 
exposed. 


A friction clamping lever is attached to the 
rotatable locking-pin section and will lock the 
rotatable section in any desired position. 
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Periscope sextant and mount 


The azimuth scale and azimuth dial will move 
when the azimuth crank is rotated. The azimuth 
scale can be read against a lubber line under- 
neath the azimuth crank. The azimuth scale 
reading and azimuth dial reading should be the 
same. 


Power (28v) is supplied from the aircraft 
through a cable connection on the side of the 
mount. A switch on the side of the mount con- 
trols power to both the mount and the sextant. 
The mount has one lamp that illuminates the 
azimuth dial window. Another cable is connected 
to the socket on the underside of the mount 
and supplied power to the sextant itself. 


The mount has a gimbal joint which allows 
the sextant to be swung 15° from the vertical 
in any direction. This permits a body to be 
collimated throughout the normal oscillations 
of an aircraft. 
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The Sextant. The sextant is actually a two 
power periscope. All glass-air lens surfaces in 
the sextant are coated to minimize light loss. To 
prevent condensation when the tip of the sex- 
tant is extended into cold air, the tube is filled 
with dry air and sealed. To check on the dryness 
of the air inside the tube, a small silica gel indi- 
cator is visible through the outside end of the 
sextant. When the silica gel is pink there is 
moisture in the tube. 


A sealed outer tube encases the optics tube 
and mechanism to protect them from shock 
caused by normal handling, and to lessen the 
effects of changing ambient temperatures. To 
protect the sextant from shock during landing or 
takeoff, it must be stored in the rubber shock 
cushions of the carrying case. 


The index prism in the top of the periscopic 
tube is rotatable about a horizontal axis to 
permit observations at any angle from —10° to 
+92° in altitude. 





Optical system — periscopic sextant 
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The index prism and, therefore, the altitude 
of the line of sight, is adjusted by the altitude 
control knob. 


The altitude control knob is geared to a 
dial counter which indicates the altitude of the 
object being sighted in degrees and minutes. 
The averager indicator dials are located direct- 
ly above and to the rear of the altitude window. 
The midtime of the shot is obtained from the 
dial on the left. When the indexes of the two 
remaining dials are aligned, the average alti- 
tude of the shot is read from the altitude dial. 


The maximum shooting time is two minutes; 
however, as with the A-15, any time increment 
from 30 seconds to two minutes can be used. 


The time dial is divided into 60 divisions. 
Each division is equal to two seconds. The dial 
gives the midtime of the shot in seconds. The 
time is either added to the beginning time of the 
shot, or subtracted from the ending time of the 
shot. 


The averaging is performed by an integrator 
which effects a continuous moving average over 
any observation period up to two minutes. The 
winding lever sets and winds the averager. No 
presetting of sextant, timing mechanism, or 
averager is necessary. Because it is continuously 
integrating altitude against elapsed time, it 
may be stopped at any time from 30 seconds to 
two minutes as circumstances dictate. At the 
conclusion of the shot, the averaging dials will 
appear as in A and B of the related sketch. To 
find the average altitude, set the indexes as 
shown in C, and read the average altitude on 
the altitude counter. 


At the end of two minutes, or when the shot 
is stopped, a shutter drops across the field of 
view, indicating that the observation is finished. 


The overall accuracy in altitude measure- 
ment is better than two minutes of are. The 
averager will indicate the elapsed time of obser- 
vation with an accuracy of one second or better. 


The periscopic sextant uses a bubble to estab- 
lish the artificial horizon. Bubble illumination 
is necessary during darkness, which is supplied 
by a 28-volt lamp with a rheostat control. This is 
the only light in the system with brilliance 


12-76 


control. To form the bubble, look through the 
eyepiece and tilt the sextant until the notch in 
the bubble cell at the right side of the field 
appears at the two o’clock position. Turn the 
bubble control knob in the ‘Increase Bubble” 
direction. The bubble will appear in the notch 
and should be adjusted until its size is one and 
a half to two times the size of the sun as seen 
through the sextant. Return the sextant to the 
vertical position and slowly rotate the knob to 
the maximum increase position. 


NOTE 


Except when adjusting the bubble, the 
increase bubble knob is to be kept at its 
maximum position, indicated by arrows, at 
all times. The knob encloses a compensa- 





tion system for changes and variation in 
temperature and pressure. At the maxi- 
mum position, the knob has its full range. 


If there is a bubble in the field whose size 
cannot be sufficiently reduced before the bubble 
control knob has reached the limits of its travel, 
return the sextant to the vertical and rotate 
the knob to its opposite limit. The sextant may 
then be tilted and the bubble size still further 
reduced. This pumping process may be repeated 
until the bubble has been properly adjusted. 


Filter or shade glasses of eight values are 
provided for selective use in the optical system so 
that the intensity of the sun’s light may be ade- 
quately reduced. The filter control is located on 
the left side of the sextant. During daylight 
operation it may be necessary to have a filter 
glass in the system in order to see the bubble. 


The sextant’s field of vision is divided by a 
vertical and horizontal crosshair. This is a 
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definite aid in centering the bubble. The bubble 
has the appearance of a doughnut. The celestial 
body should be placed in the center of the 
bubble. 


A true heading scale appears across the bot- 
tom of the field of vision. The vertical crosshair 
is used as a reference mark in reading true head- 
ing on the scale. The true heading scale can be 
eliminated from the field of vision by the head- 
ing scale shutter control directly above the 
bubble chamber. 


A dial light located on the right side of the 
sextant provides three beams of light to illu- 
minate the averager indicators, the altitude 
dial, and the watch holder. The watch holder is 
made to hold a master watch. The dial lamp 
and watch holder can be seen in a portion of the 
illustration showing control locations on the 
periscopic sextant. 


Operating Instructions 


1. Insert the sextant into the mount with 
the arrows on the tube and mount aligned. 
Rotate the locking pin section, holding the 
sextant still, until the black locking pin drops 
into place. This mounts the sextant in the re- 
tracted position. 


2. Extend the sextant by moving the shutter 
lever of the mount to the open position, then 
push up on the sextant until the silver pin 
drops into place. 


3. Connect the electrical cables. 
4. Form the bubble to the proper size. 
5. Depress the rewinding lever. 


6. Set the precomputed true azimuth of the 
body into the mount by turning the azimuth 
knob until the azimuth dial window indicates 
the correct azimuth. 


7. Set the precomputed altitude into the 
sextant by turning the altitude control knob 
until the altitude dial window indicates the 
correct altitude. 


8. Turn the sextant until the aircraft’s true 
heading appears under the vertical crosshair. 
The body will be located easily in the 15° field 
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of vision. The periscopic sextant is an excellent 
star finder when used in this manner. 


9. Bring the body into collimation by tun- 
iig the sextant and adjusting the altitude con- 
trol knob. 


10. Observe the time on the master watch 
and press the averager operating button. The 
observation is started. 


11. Keep the body in collimation by manipu- 
lation of the altitude control knob. Try to shoot 
for two minutes. If conditions make it neces- 
sary to stop the shot, press the averager operat- 
ing button the second time. This will stop the 
averager. 


12. At the end of a two minute observation 
a shutter will drop across the field of vision. 


13. Extract the midtime of the shot from the 
time dial and apply it to the beginning or end- 
ing of the observation. 


14. Zero the altitude dials and read the aver- 
age altitude from the altitude dial window. 


For additional observations repeat steps 5 to 
14. 


To Obtain True Heading 


True heading can be obtained using either the 
true bearing or the relative bearing method. The 
procedures are as follows: 


TRUE BEARING METHOD 


1. Set the true azimuth of the body in the 
azimuth dial window as shown in the associated 
sketch. 


2. Bring the body into collimation. 


3. Read the true heading under the vertical 
crosshair on the azimuth scale. If you are using 
precomputation techniques, a true heading is 
obtained every time an observation is made. 


RELATIVE BEARING METHOD 
1. Bring the body into collimation. 


2. Turn the azimuth crank until 0° is under 
the vertical crosshair, as it appears in the re- 
lated illustration. 


SET ZN 





FIELD OF 
VISION 
(READ TH HERE) 


True bearing method 


3. Read the relative bearing of the body in 
the azimuth dial window. 


4. Solve for the true azimuth of the body and 
determine the true heading by using the for- 
mula TH=TB—RB. 


EXPLEMENTARY RELATIVE BEARING METHOD 
(INDICATED) 
1. Set 360° in the azimuth counter window. 


2. Bring the body into collimation. 


3. Read the explementary relative bearing 
of the body under the vertical reticle on the 
azimuth scale. 


4. Solve the formula: TH=TB+ERB. 


SEXTANT CHECK 


The accuracy of the periscopic sextant should 
also be checked on a collimator or by shooting 
against a prepared He curve. However, in addi- 
tion to checking the sextant, it is also neces- 
sary to check the mount. 


MounT ALIGNMENT CHECK 


1. Set the relative bearing of the vertical 
stabilizer into the azimuth dial window. 


2. Sight on the vertical stabilizer. The true 
heading scale should read 000°. 
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Relative bearing method 


3. If the vertical crosshair does not align 
the zero: 


(a) Sight on the stabilizer and lock the 
sextant in this position with the clamping lever. 


(b) Loosen the lock ring of the true head- 
ing scale objective lens and turn the adjusting 
ring until the vertical crosshair shifts to the 
zero true heading reading. Tighten the lock 
ring. For the location of the true heading scale 
objective lens, refer to the illustration of the 
“control locations on periscopic sextant’’. 


(c) If the full adjustment of the true head- 
ing scale objective lens does not correct the true 
heading to zero, the mount has been improperly 
installed. Maintenance personnel should be 
called upon to make further mount alignment 
corrections. The sextant mount is usable even 
uf this condition exists; however, a correction must 
be applied to all trwe heading checks. 


HAND HELD BUBBLE SEXTANTS 


MA-2 Sextant 


The MA-2 is a hand held bubble sextant 
for use in aircraft where space will not permit 
installing an automatic or periscopic sextant. 
The main body of the sextant, including the 
controls, averager, and bubbk control, are iden- 
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tical to the periscopic sextant. The MA-2, 
here illustrated, is also provided with a hook 
for use in astrodomes of older aircraft. The sex- 
tant has a field of vision of 1214° and is capable 
of measuring altitudes from —10° to +92°. The 
averager provides an average altitude accurate to 
two minutes of are over any period of time from 
30 seconds to 2 minutes. 


COMPONENTS 


The MA-2 sextant has four main systems: 
the horizon, the optical, the altitude recording 
and averaging, and the electrical system. All 
systems, other than the optical system, are 
identical to the periscopic sextant. For informa- 
tion on these systems refer to the section on the 
periscopic sextant. 


Optical System. Light entering the objective 
window passes through the index prism, objec- 
tive lens system, and filters, as shown in ac- 
companying diagram. It is then directed to the 
eye by a pentaroof fixed prism and forms a real 
image at the focal plane of the field lens. On the 
field lens is a reticle, consisting of a vertieal and 
horizontal line, which indicates the center of the 
field. The focal plane of the eyepiece lens SYS- 
tem coincides with that of the field lens and 
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reticle. The eyepiece may be adjusted for focus 
by rotating the knob directly behind the rubber 
eyeplece. 

Daylight for the illumination of the bubble 
enters through the diffuser at the top of the 
bubble chamber. The image of the bubble 
passes downward through an objective lens 
and through the pellicle to a retro-reflector. 
It is then reflected to the pellicle which in turn 
reflects it to the focal plane of the main optical 
system. If the diffuser prevents the entrance 
of sufficient daylight for the illumination of the 
bubble, artificial illumination is provided by a 
28-volt lamp controlled by a rheostat. 


Checking the Sextant. Preflight, inflight, and 
postflight procedures are identical to those given 
for the periscopic sextant. 


MA-1 Sextant 


The MA-1 sextant, as illustrated, is very simi- 
lar to the MA-2. The major difference is the 
artificial horizon system. Where the MA-2 uses 
the conventional bubble artificial horizon, the 
MA-1 utilizes a pendulous mirror to reflect the 
image of a horizontal line that 1s used as an 
artificial horizon. 


12-81 





ae en ts ema 


AFM 51-40 VOL Il 15 APRIL 1960 


As shown in the optics diagram of the MA-1, 
illumination for the horizon system 1s supplied 
by a lamp located at the top of the sextant 
body. The intensity of the light is controlled by 
a rheostat on the front of the sextant. Light is 
projected downward through a condenser lens 
and a reticle pattern. This pattern is projected 
through the pellicle and continues to the pendu- 
lous mirror chamber. The mirror pattern is 
reflected back to the pellicle which in turn 
reflects it to the plane of the main optical system. 


Preflight, in-flight, and postflight checking 
procedures are identical to those given for the 
periscopic sextant, except for the bubble ad- 
justment. 
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CHECKING THE ACCURACY OF SEXTANTS 


Sextant errors are discussed in the celestial 
chapter. The index and personal errors account 
for most of the inaccuracies in a normal observa- 
tion. Index error can be checked by using a 
collimator, He curve, or the sea_ horizon. 
Personal error may be checked to some extent 
by the same methods. However, only that por- 
tion of the personal error caused by the match- 
ing of the optics of the navigator’s eye to the 
sextant optics may be found with the collimator 
and sea horizon. The He curve includes the en- 
tire personal error, no matter what the cause, 
as well as the index error of the sextant. 





Operational 





Techniques 


INTRODUCTION 


We have discussed the foundation of navi- 
gation, dead reckoning, and the aids which 
make it a reliable and useful tool. There are 
those techniques associated with navigation, 
however, which cannot be categorized as 
classical “aids” to dead reckoning, but which 
deserve equal attention. These techniques, so 
to speak, cover a broad area from the struc- 
ture of the air traffic control system to the 
problems of reconnaissance navigation. The 
discussion of these areas serves to emphasize 
the increasingly important role of the navi- 
gator in the global aviation problem. Though 
it is impossible to discuss all the techniques 
which have been devised to meet a given re- 
quirement in navigation, those which are 
most adaptable to the navigational problem 
are included. As air traffic increases and 
longer flights are inaugurated, the need for 
more airspace control increases. Congestion 
and the need for control to extend farther out 
along the airways, and traffic to and from 
smaller airports along the airways, has to be 
worked in with that traffic to and from the 
main terminals. It is apparent that unified 
nation-wide control of air traffic is needed. 


Federal Aviation Agency 


The Federal Aviation Agency (FAA) was 
created by the Federal Aviation Act of 1958. 
The director of the FAA is appointed by the 
President of the United States and is respon- 
sible directly to him. The FAA is charged 
with control of all aircraft within the air- 
space of the United States. FAA duties in- 
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clude control of all aircraft by issuing and 
transmitting flight clearances. This agency 
also has a legislative function. It is respon- 
sible for the laws of control called Civil Air 
Regulations (CARs), and assures that all 
concerned abide by these rules. In addition, 
FAA issues licenses for aircrew members, 
maintenance personnel, and control tower 
operators, and investigates all aircraft acci- 
dents. 

In conjunction with these duties, FAA is 
responsible for maintenance of all communi- 
cations stations and navigational aids. In this 
respect, it plays an important role in the 
operation of these stations. FAA also deter- 
mines their effectiveness and reliability in 
actual use through operational flight checks. 
The administration also promotes the devel- 
opment of the national airport system by 
determining proper runway lengths and loca- 
tions, approach systems, and holding proce- 
dures. 


The FAA operates through six regional 
offices located in the following cities: 
New York City, New York 
Atlanta, Georgia 
Fort Worth, Texas 
Los Angeles, California 
Anchorage, Alaska 
Honolulu, Hawaii 


Air Traffic Service Division of FAA 


The Air Traffic Service Division is the 
operational control arm of FAA. It has been 
delegated the direct responsibility for the 
safe, orderly, and expeditious flow of air 
traffic within the airspace of the United 
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States. The mission of this division necessi- 
tates direct and specific control areas which 
have been assigned to four administrative 
subdivisions: Air Route Traffic Control Cen- 
ters, Terminal Control, Airport Traffic Con- 
trol, and Flight Service Stations. 


Air Route Traffic Control Centers (ARTCC) 


Air Route Traffic Control Centers and the 
territories under their jurisdiction are listed 
in the Flight Information Publication 
(FLIP), Enroute Supplement. Each center is 
centrally located in respect to the area under 
its control, and coordinates with Terminal 
Control, Airport Traffic Control, and Flight 
Service Stations via direct interphone and 
teletype communications systems. Effective 
control of air traffic is dependent upon the 
use of radio and radar facilities. To estab- 
lish active control, each ARTCC must be in 
contact with all air traffic operating within 
its area of control. The successful operation 
of ARTCC depends upon the coordination be- 
tween the dispatching agency of the aircraft 
and the control tower concerned, all civil and 
military radio and radar facilities, and the 
control center. The primary function of 
ARTCC is to provide control of aircraft alti- 
tude, course, and time, with the correlated 
responsibility of issuing clearances for flights 
under instrument flight conditions. 

There are many instances when the sub- 
mitted flight plan cannot be approved, and 
the center may specify an alternative (re- 
vised) flight plan subject to the approval of 
the pilot. ARTCC may also specify a delay 
in the original flight plan. The center must 
follow each flight separately to effect ade- 
quate and safe traffic control. When approved, 
the flight plan is immediately posted on the 
flight progress board. Additional pertinent 
information is posted as the flight progresses 
and required position reports are made. 

An aircraft flying under instrument flight 
rules (IFR) must make a position report at 
each compulsory reporting point listed in the 
Flight Information Publication. These posi- 
tion reports are made to the ARTCC. When 
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unable to contact the center, position reports 
are made to any Flight Service Station or any 
control tower in that order. Information re- 
ported in this manner is relayed to the 
ARTCC concerned. 

Air Traffic Control Centers do not monitor 
or control the progress of aircraft flying 
under Visual Flight Rules (VFR) either on 
or off airways. 


Terminal Control 


Terminal Control is the administrative sub- 
division which controls aircraft on IFR clear- 
ances while they are ascending, descending, 
or in the holding patterns of any radio facility 
in their respective control areas. The con- 
troller generally uses radar to position the 
aircraft. Very close coordination is necessary 
between the controller and the Air Traffic 
Control Center responsible for his area. 


Airport Traffic Control 


Airport Traffic Control (Control Towers) 
is the agency at an airport which gives air- 
craft takeoff and landing instructions. This 
agency furnishes the pilot winds, altimeter 
setting, active runway, weather information, 
etc. Air Traffic Control personnel and their 
military counterparts man the towers of their 
respective airfields. 


Flight Service Stations 


The Flight Service Stations (FSS) are 
radio receiving and transmitting stations 
spaced along the airways under control of 
each Air Route Traffic Control Center. Each 
FSS receives and relays position reports from 
aircraft flying near the station. Flight Serv- 
ive Stations also give weather reports and 
notices pertaining to the condition of naviga- 
tional aids to aircraft upon request. The fre- 
quencies of these stations are listed in the 
Flight Information Publication(s) Enroute 
Supplement. 


Civil Aeronautics Board 


The Civil Aeronautics Board (CAB) works 
interdependently with the FAA in Federal 
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control of air traffic. The entire board is ap- 
pointed by the President of the United States. 
The CAB is concerned with issuing certifi- 
cates of public necessity such as licenses to 
operate airline companies, economic regula- 
tion to prevent unreasonable competition, and 
the investigation, in conjunction with the 
FAA, of aircraft accidents involving civil air- 
craft weighing 12,500 pounds or more. 


International Civil Aviation Organization 


The International Civil Organization 
(ICAO) is a civil organization consisting of 
many nations and international organizations 
and is applicable to civil aircraft. 


The aims and objectives of ICAO are to 
develop the principles and techniques of in- 
ternational air navigation and to foster the 
planning and development of international 
air transport so as to: 


1. Insure the safe and orderly growth of 
international civil aviation throughout the 
world. 

2. Encourage the arts of aircraft design 
and operation for peaceful purposes. 

3. Encourage the development of airways, 
airports, and air navigation facilities for in- 
ternational civil aviation. 


4. Meet the needs of the people of the 
world for safe, regular, efficient, and eco- 
nomical air transportation. 

5. Prevent economic waste by unreason- 
able competition. 

6. Insure that the rights of the contracting 
nations are fully respected and that each has 
a fair opportunity to operate international 
airlines. 

7. Avoid discrimination between contract- 
ing nations. 

8. Promote safety of flight in international 
air navigation. 

9. Promote, generally, the development of 
all aspects of international civil aeronautics. 

Although ICAO rules and procedures are 
binding upon international civil aviation 
only, it has been agreed that United States 
military aircraft will have due regard for the 
safety of navigation of civil aircraft. The 
following procedures apply when Air Force 
aircraft are operating outside the United 
States over international routes: 

1. Clearance for routine flights will be ob- 
tained from appropriate ICAO Air Traffic 
Control Center and applicable ICAO traffic 
rules and procedures will be followed. 

2. Clearance for special missions requiring 
a fixed or moving block of airspace during a 
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specific time period will be obtained from the 
appropriate ICAO Air Traffic Control Center 
by the command concerned. 


3. When flights are of such a nature that ad- 
vance notification to the ICAO Air Route 
Traffic Control Center would be prejudicial 
to the national security, no notification need be 
given. Flights of this nature should be carefully 
evaluated to determine the need for security 
versus safety of flight. 


The International Procedure Chart contained 
in the Flight Planning Document furnishes a 
visual guide with regard to position reporting 
in ICAO regions. Navigators should familiarize 
themselves with these requirements as a part 
of their mission planning. 


MILITARY FLYING REGULATIONS 


To appreciate the problems and activities 
of the CAA and the CAB, one has only to 
imagine himself in flight on an airliner. In the 
first place, the aircraft is certified, its progress 
through production is carefully checked, and 
it is finally approved as airworthy. The pilot, 
copilot, and flight crew members are licensed 
as competent. The airliner passes along an 
“airway, guided each mile of the way by radio, 
beacon lights, and communications which are 
maintained by the CAA. As it arrives at its 
destination, landing instructions as well as 
local weather, wind direction, and wind velocity 
are supplied by the control tower. Even the 
airport must be approved as satisfactory for 
use by the airliner. 


In addition to these services which the flying 
public is provided, there are also those regula- 
tions which must be obeyed to insure safe and 
expeditious flight at all times. It is noteworthy 
that all regulations which deal with the flight 
of aircraft in the United States are civil air regu- 
lations. The military forces have their own regu- 
lations which, in many cases, modify some of 
the civil requirements. Military regulations, 
however, must still embody the civil provisions. 
For example, civil air regulations may specify a 
minimum altitude of 1,000 feet; the military 
forces can require a minimum altitude of 2,000 
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feet, but they cannot prescribe a minimum 
altitude of 500 feet. 


The basic flying regulation dealing with the 
rules in the air is Civil Air Regulation, Part 60. 
Air Force Regulation 60-16 is essentially the 
same regulation with minor exceptions. For 
example, CAR-60 does not require that a flight 
plan be filed under visual flight rules (VFR) 
conditions; AFR 60-16 requires that a flight 
plan be filed regardless of the prevailing weather 
conditions. 


AFR 60-16 contains sections on (1) General 
Flight Rules — the requirements for flight at 
all times (acrobatics, use of oxygen, right of 
way, ete.); (2) Visual Flight Rules — the 
conditions necessary to maintain VFR; (8) 
Instrument Flight Rules — communications 
procedures, alternates, and fuel requirements; 
(4) Clearance Rules; and (5) authorized devia- 
tions. AFR 60-16 is published in the Flight 
Planning Document which can be consulted for 
exact requirements. 


There are three other Air Force Regulations 
which deserve the navigator’s attention: 


AFR 60-2: Describes the annual and semi- 
annual flying requirements for Air Force pilots, 
navigators, and observers. 


AFR 60-8: Describes the procedures which 
Air Force flying personnel must follow when 
involved in flights outside the zone of interior. 


AFR 60-22: Describes the procedures when 
making a flight which requires penetration of 
certain Air Defense Identification Zones. This 
regulation is also published in the Flaght Plan- 
ning Document. Navigators should be especially 
aware of ADIZ procedures, since the computa- 
tion of many of the penetration points and 
times will require his assistance. 


SUMMARY 


The air traffic control system in the United 
States has proved to be a “service operated to 
promote the safe, orderly, and expeditious flow 
of air traffic’. Although its basic character is 
civil, the universal adaptability of the system 
to both civil and military aviation has proved 
its worth to both. The role of the navigator is 











one of improving the accuracy of that infor- 
mation which is the basis of the system. 


The navigator can assist the air traffic con- 
troller, directly or indirectly, in three ways: 
flight planning, position reporting, and alter- 
nate actions. An accurate flight plan will enable 
the controller in issuing clearances to expedite 
traffic as quickly as possible. Position reports 
and ET As to check points which are not in error 
assure that the proper separation will be main- 
tained at all times. When an emergency condi- 
tion exists, prompt and certain action in flying 
to the alternate allows other traffic to be cleared 
with a minimum of delay. 


When operating under international control, 
the navigator is almost solely responsible for 
position reports, penetration points, and times. 
In many cases, they are as important to the 
navigator as all the aids to dead reckoning. 


MISSION PLANNING 


In the air there is little leisure for lengthy 
processes of reasoning. Decisions must be made 
quickly and accurately, as errors resulting from 
snap judgments can be costly. By thoroughly 
preparing for the flight, the number of errors 
caused by hasty decisions can be greatly re- 
duced. 


General Preparation 


After the route to be flown for the mission 
has been obtained, select the appropriate charts. 
The requirements of the mission dictate the 
scale and projection needed. In addition, the 
type of navigation to be employed during the 
mission also determines which charts are needed. 
If the flight is to be made over areas of loran 
and console coverage, additional charts are 
required. When a grid directional heading refer- 
ence is used, a chart with the grid overlay is 
required. The USAF Catalog of Aeronautical 
Charts and Aeronautical Information Publica- 
tuons is an excellent guide to chart selection. 


When the route has been initially plotted 
and the courses and distances have been entered 
in the log, the necessary weather data must be 
obtained. The weather briefing should include: 
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1. Cloud coverage and haze. Depending upon 
the altitude of the flight, the cloud coverage will 
affect celestial and drift observations and map 
reading. The cloud coverage over the IP and 
the target area is an especially important con- 
sideration in flight planning. Where reconnais- 
sance maneuvers are planned, even a scattered 
low cloud coverage will affect any photographs 
taken along the route. 


2. Clumb winds and winds aloft. The winds 
aloft will have some effect on the selection of a 
flight altitude. Depending upon how many zones 
are planned during the climb, a given number of 
average winds for these zones should be ob- 
tained. In examining the winds aloft for the 
route, areas of crosswinds should also be con- 
sidered in bombing and reconnaissance naviga- 
tion. 


3. Temperatures. The temperatures may be 
needed in the preflight computation of true 
airspeed. Where preflight determination of fuel 
requirements are to be made, the temperatures 
will be needed for the climb, aloft, descent, and 
for the pilot’s information in landing (surface 
temperature at destination). The temperature 
distribution along the route also provides the 
necessary information for minimal flight plan- 
ning. 


4. Location of jet streams and unusual weather 
phenomena. The jet stream, when encountered, 
will cause erratic changes in flight times. Strong 
headwinds can cause late arrivals over rendez- 
vous points, check points, and IPs. Conversely, 
strong tailwinds may necessitate construction 
of dog-legs to aid in accomplishing control 
times when they are required (see controlled 
ETAs). Thunderstorms en route will cause 
radio interference and can also affect loran fix- 
ing. Frontal passages during the mission will 
cause a wind shift and necessitate altering head- 
ing. 


5. Pressure pattern information. A general 
picture of the pressure system will point out the 
areas of relatively beneficial winds. The pre- 
dicted D-change, S-field, and Tau-field for the 
route will be needed if minimal flight planning is 
to be accomplished. 
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6. Terminal forecasts. Weather at terminals is 
of prime importance. When the forecast of 
weather at destination for the time of arrival 
approaches the local minimums, the alternates 
selected should be outside of the belt in which 
destination lies. Conditions at the point of 
departure should be checked for the period of 
indicated flight time to allow for the possibility 
of a return. Should conditions at departure and 
an alternate to departure be critical, and should 
there be no other alternates above minimums 
within reach after arrival at one or the other, it 
is often possible to provide an alternate to which 
the flight might be diverted en route. In such 
cases, personnel conducting the flight might 
have to study the sequence of weather develop- 
ment and advise the aircraft to continue en 
route or retrack to the alternate. 


Route Analysis 


Following the weather briefing, a complete 
route analysis must be made beyond that of 
merely plotting the courses. It will be necessary 
to consult the Radio Facility Chart for latest 
changes to restricted and warning areas. When 
the flight involves penetration of an ADIZ, 
FIR, or OAC, the appropriate penetration 
points should be noted on the chart after check- 
ing with the appropriate publications for the 
latest detailed information. 


Where preflight controlled ETAs are used to 
insure arrival at the control points, the legs 
should be oriented to avoid restricted areas. 
If no restricted areas are present to dictate the 
direction to construct the dog-leg, consider the 
approach to the IP or control point and attempt 
to make the final leg so that as small an altera- 
tion in course as possible will be needed to make 
good the next course. 


When the mission has a bombing or recon- 
naissance problem incorporated into it, rollouts 
onto the desired courses are imperative. Proced- 
ure turns can be computed so that the ‘“‘time- 
back” or ‘“‘distance-back” from the pre-IP 
or IP is determined during preflight. Generally, 
all turns other than those where precision roll- 
outs are necessary are made over the designated 
turning point or target. The elevation of the 
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target and the altitude measurement point of 
the flight line should also be noted during pre- 
flight, since they will be used in the computa- 
tion of the bombing or photo altitude. 


Where there is an alternate required, it should 
be noted on the chart. Courses and distances to 
the target should be computed and, when the 
winds are available, the time to the alternate 
should also be determined. In overseas opera- 
tions, an alternate will be needed for both de- 
parture and destination. 


The Flight Plan Graph 


The flight plan graph (FPG) is a relatively 
simple method of monitoring inflight progress 
of a mission to determine how the actual flight 
time compares with the predicted flight time. 
It is prepared during the mission planning phase 
and requires little attention during the flight. 


Basically, the flight plan graph consists of 
a line representing the flight plan time from 
departure to destination and roughly parallels 
the true course for the flight. Either the parallels 
of latitude or meridians of longitude are used 
as the time scale (depending upon whether the 
flight is in an east-west or north-south direc- 
tion). Predicted times to various points along 
the true course, together with departure and 
destination times, are projected on this time 
scale and the resulting projections connected. 
Thus, the flight plan graph represents a visual 
time line comparable to the predicted track. 


Using the time line, it is possible to deter- 
mine the predicted ETA to any point on the 
predicted track at any time without the neces- 
sity of a single computation. Comparison with 
a fix quickly gives the navigator an indication 
of the time or distance he is ahead or behind 
his flight plan. In addition, this time difference 
ean be applied to destination and/or intermedi- 
ate check points to maintain accurate running 
XT As for these positions. 


Construction of the flight plan graph is quite 
simple as the illustration shows. The following 
explanation is based on a predominately east- 
west course with parallels of latitude represent- 
ing the time scale. However, the graph may 
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also be constructed for a north-south track using 
the meridians of longitude as the time scale. 


First, draw vertical lines through the depar- 
ture and destination points parallel to the merid- 
lans of longitude. Use the degrees of latitude 
on these lines so that each degree represents one 
hour of time; one minute of latitude thus repre- 
sents one minute of time. Then, plan a con- 
venient spacing of the graph by comparing 
the latitude difference between departure and 
destination with the total en route flight plan 
time. Generally compulsory reporting points 
and zones, consisting of each five degrees of 
longitude intersected by the true course, are 
used as geographical points for construction of 
the flight plan graph. 


After takeoff, add the flight plan en route 
times for each of these reporting points succes- 
sively to the departure time. Then mark the 
corresponding points on the time scale and 
connect these points. This line is designated as 
the flight plan graph. 
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plan graph 


To use the FPG, resolve each fix obtained 
by drawing a perpendicular to the true course, 
and from this point on the true course, extend 
a line vertically to the FPG. From the inter- 
section of this vertical line and the FPG, draw 
a line horizontally to the time scale and read 
the flight plan time for the actual position on 
the course. The difference between this projected 
time and the time of the fix is the time interval 
ahead or behind the flight plan. Since the 
FPG is based on the assumption that the true 
course 1s being made good, it is necessary that 
each fix be resolved to an equivalent point on 
the intended track in the manner previously 
explained. 


As illustrated, the fix obtained at 0450 shows 
the aircraft is five minutes behind flight plan 
time, since the FPG shows this position along 
the track should have been reached at 0445. 
The fix obtained at 0550 indicates the aircraft 
is exactly on flight plan time, and at 0710, the 
aircraft is eight minutes ahead of the flight plan. 
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Climb and descent 


A little practice and analysis will reveal other 
uses and advantages of the flight plan graph. 
The FPG provides a quick method for deter- 
mining a DR position which can be used in the 
computation of a celestial fix precluding the 
necessity of computing or measuring along the 
track. On many occasions, it will also be found 
advantageous in evaluating fixes. A sudden 
change, for example, from a steady five minutes 
behind time for several hours to ten minutes 
ahead in an hour’s time would throw definite 
suspicion on one or more fixes. Still another use 
involves the equitime point (ETP) and the 
point of safe return (PSR). It is quite practical 
to use FPG indications as a guide in recomputing 
the ETP and PSR, as both of these items are 
based on preflight information (see Range Con- 
trol). 


For example, if in the first two hours en route 
it is found that the aircraft is running eight to 
ten minutes behind time, immediate recomputa- 
tion of the PSR would provide that extra margin 
of safety which sometimes becomes necessary. 
Quite often, trends may be noted that the FPG 
will show a gain or loss of time at a more or 
less constant rate, for example, one minute per 
hour. In areas where pressure systems are rela- 
tively stable, this rate of change can be utilized 
to predict with increased accuracy ETAs several 
hours in advance. 
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Climb and Descent 


The purpose of the climb and descent problem 
is to establish an accurate leveloff position 
to be used as a new departure point at the 
selected flight altitude for the ensuing leg. This 
would be a simple process if all the information 
remained constant through the changes in alti- 
tude. The basic airspeed and, in some instances, 
the rate of climb or descent can be controlled 
and held constant, but the atmospheric variables 
will change with altitude (i. e., temperature, 
wind velocity). The resultant true airspeed, drift, 
and groundspeed will also change at varying 
rates. 


In order to find the most probable average 
track and groundspeed it is necessary to com- 
pute the average true airspeed, the average 
effective wind velocity, and an average effective 
true heading. 


There are three basic types of climb proced- 
ures for conventional aircraft: the constant rate 
of climb or average method, the constant basic 
airspeed or (wo-thirds method, and the climb to 
very high altitude or zone method. The procedures 
used may differ as the individual command or 
mission requirements dictate, but the basic 
principles involved are common to all. 


CONSTANT RATE OF CLIMB (AVERAGE METH- 
OD). This type of climb is employed in climbs 











to medium altitudes when fuel economy is a 
minor factor and where a constant basic air- 
speed and a constant rate of climb can be 
maintained. Since the rate of climb can be 
considered a constant, the midtime of the climb 
will occur as the aircraft passes through the 
mid altitude in the climb. This being true, the 
conditions at any flight level can be given equal 
weight with the conditions at all other levels. 
Therefore, an arithmetic average of all the 
conditions should provide the necessary infor- 
mation to establish the level off position. 
The procedures for preflighting this type 
climb are covered in the DR procedures chapter. 


The in-flight procedures require instrument 
readings at regular time intervals. The readings 
will include drift, heading, airspeed, altitude, 
and temperature. Generally, readings at even 
increments of altitude are sufficient; for in- 
stance, every 2,000 feet. 


Upon reaching level off, arithmetic averages 
of the instrument readings (altitude, tempera- 
tures, and indicated airspeeds) are obtained to 
determine true airspeed. If no wind is deter- 
mined in the climb and no drift readings are 
taken, the metro wind is used to determine 
groundspeed and track. Plot the DR position 
for level off and use this position for fix deter- 
mination as soon as possible after level off. 


CONSTANT Basic AIRSPEED (TWO-THIRDS 
METHOD). In long climbs where fuel economy 
is important, the most economical climb is 
indicated from aircraft performance charts 
similar to the one shown on next page. 


An aircraft conforming to the conditions indi- 
cated in the upper right-hand corner of the 
illustration and flying a constant airspeed, with 
a gross weight of 170,000 pounds, will climb at a 
rate of 720 feet per minute at sea level and 115 
feet per minute at 27,000 feet. If the correct 
average rate of climb were computed, 418 feet 
per minute, it would be found that the curve 
would intersect the rate of climb value at the 
altitude of 17,000 feet or about two-thirds of 
the way up. 


To further illustrate the performance charac- 
teristics of an aircraft during a long climb, 
determine the arithmetic averages of the rates 
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of climb from sea level to 18,500 feet and from 
138,500 to 27,000 feet: 


Altitude Rate of Clumb 
Sea Level 720 ft/min 
18,500 500 ft/min 
1220 ft/min =660 ft/min, so that 
y) 204 minutes are 
spent in this portion 
of the climb. 
13,500 500 ft/min 
27,000 115 ft/min 
615 ft/min = 308 ft/min, so that 44 
--@ ~~: minutes are spent in 
the upper portion of 
the climb. 


Note that slightly more than two-thirds of the 
time is spent in the upper part of the climb. 


Consider the following, where the altitude 
two-thirds of the way up has been chosen to 
determine the average rates of climb: 


Altitude Rate of Climb 
Sea Level 720 ft/min 
18,000 394 ft/min 
1114 ft/min =557 ft/min, or 321% 
”) minutes spent in this 
portion of the climb. 
18,000 394 ft/min 
27,000 115 ft/min 
509 ft/min =255 ft/min or 351% 
9 minutes spent in the 
upper portion of the 
climb. 


By taking two-thirds of the altitude in the climb, 
a more equitable distribution of time is ob- 
tained. 


If the true airspeed is averaged arithmetically 
a 19.5 knot error will result as shown below. 


Standard Lapse 
BAS Altitude Rate Temper- True 
ature Airspeed 
200 knots 138,500 —12° 245.5 knots 
200 knots 18,000 —21° 265.0 knots 
Difference 19.5 knots 


For the same reason that the selection of the 
arithmetic average altitude is erroneous, so the 
arithmetic average of winds in the climb is also 
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erroneous. If as much time is spent in the lower 
two-thirds of the climb as in the upper one- 
third of the climb, this fact must be taken into 
account in computing the effective wind. 


The average wind is found for the first two- 
thirds of the climb and for the last one-third 
of the climb. The resultants are averaged to- 
gether to produce the most probable effective 
wind for the climb. For example: 





Segment Effective 
Altitude W/V average wind 
Surface 300/02 
(S/L) 
2,000 300/02 
4,000 310/02 
6,000 310/03 
8,000 320/06 
10,000 320/12 320/11 
12,000 320/10 
14,000 330/20 
16,000 310/25 
18,000 B00) 28 erie cso etre aes 278 /28 
20,000 280 /39 a _— 
22,000 270/48 269 /50 
24,000 260/56 
26,000 270/61 (NOTE: All winds aver- 


aged vectorially.) 


The in-flight procedures are substantially the 
same as for the average method, with the ex- 
ception that DR positions are generally con- 
structed either at equal altitude increments or 
equal time intervals. The longer climbs, how- 
ever, lend themselves very readily to using 
fixing procedures during the climb so that a 
more exact position can be determined for 
the leveloff point. 


CLIMBS TO VERY HIGH ALTITUDES (ZONE 
METHOD). Very heavy aircraft climbing to 
extreme altitudes experience a rapid falling off 
in rate of climb as the service ceiling of the air- 
craft is approached. The rate of climb curve 
levels off at such a rapidly changing rate that it 
is virtually impossible to determine the average 
rate for the entire climb. Therefore it becomes 
necessary to divide the climb into segments or 
zones, usually of equal altitude increments; 
hence, a climb through 40,000 feet could be 
broken into four segments of 10,000 feet each, 
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or five segments of 8,000 feet each. The two- 
thirds method could be applied to each segment 
with the average rate of climb for each altitude 
band being taken separately from the appro- 
priate performance table. 


The inflight procedures for the zone method 
are accomplished in the same manner as the 
two-thirds method. 


The Descent Problem 


The descent is, in its own right, an important 
phase of any long range, high altitude mission. 
The advantage of returning over destination 
at a minimum safe altitude to effect a speedy 
entry into traffic is consistent with the principle 
of fuel economy. 


Usually the descent altitude over the field 
is made a part of the mission planning, or de- 
cided in advance in agreement with the aircraft 
commander. The rate of descent is governed by 
minimum power settings and the safe descent 
airspeed. In the descent these will be constant, 
therefore, the arithmetic average method is 
used to compute the average descent wind. After 
the true airspeed, true heading, and ground- 
speed are computed, the time in descent is 
established. The descent groundspeed and the 
time in descent provide the distance back from 
destination, along the intended track, to start 
the descent. 


A sufficient amount of time must be allowed 
prior to the point of descent for planning 
purposes. Descent winds may be obtained from 
a radio facility or metro winds obtained at de- 
parture may be used. If the latter is used the 
flight altitude wind 1s compared with the metro 
wind at flight altitude to see how reliable the 
forecast winds will be for use in descent. If 
there is an appreciable difference, an adjust- 
ment factor can be computed in the following 
manner: 


Metro W V at Flight Altitude 320 45 
Flight Altitude W/V 280 40 
Adjustment Factor —40'-5 
Average Metro descent W V 200 ‘17 
Adjustment Factor —40'-—5 
Adjust average descent W 'V 160 12 
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Note in the long range descent graph that 
after the descent wind is computed, the pro- 
cedure for determining the point at which to 
start letting down is as follows: 


1. Extend the DR track from the last known 
fix. 


2. Compute the average descent true air- 
speed using average altitude, metro tempera- 
ture, and equivalent airspeed. 


3. Compute the time in descent using the 
time based on descent rate and the altitude to 
descend. 


4. Plot the wind vector with the head of the 
vector on destination. The length of the wind 
vector will be proportionate to the time spent 
in the descent. The tail of the wind vector will 
be the air position for destination. 


5. Compute the descent air distance using 
descent true airspeed and the time in descent. 


6. Swing an arc representing the descent air 
distance from the air position at destination 
across the extended track. This intersection is 
the DR position for the start of descent. 


7. The true heading in the descent is measured 
along the vector between the DR position of 
letdown and the air position at destination; 
the average track is measured along the vector 
between the DR position of letdown and destina- 
tion. 


8. Flight level groundspeed and the distance 
between the last fix and the DR position of let- 
down are used to obtain an ETA for letdown. 
The ETA of letdown plus the time in descent 
provides the ETA for destination. 


During the descent, fixing procedures should 
be used and a follow-the-pilot procedure should 
be employed. The heading of the aircraft should 
be corrected, as spot conditions indicate, to 
make good the descent track. 


In the case where current metro is available, 
it should be used and the descent computed in 
the same manner. Where the flight altitude 
wind differs from the current metro wind, an 
adjustment factor may be computed if it is 
felt that the in-flight wind velocity is reliable. 
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Jet Climb and Descent 


The fuel consumption of a high speed jet 
engine depends primarily upon altitude; the 
higher the operational altitude, the lower the 
fuel consumption, within limits dictated by the 
particular type of aircraft. 


All climbs and descents will vary with the 
gross weight of the aircraft and the outside 
air temperature. Because of the peculiarities 
of the jet aircraft, the performance tables found 
in the Azrcraft Prlot’s Performance Handbook 
must be strictly adhered to in order to obtain 
maximum efficiency from the aircraft. 


From the performance tables the gross weight, 
climb fuel weight, climb range, time to climb, 
and climb speed are computed. From this in- 
formation, an average true airspeed is deter- 
mined and the navigator can easily compute 
a groundspeed and a DR position for the climb 
and descent. 


The most notable difference in the climb and 
descent of jet aircraft is the time spent in the 
climb. Once the basic information is determined, 
both for flight planning and actual use, the climb 
and descent procedures themselves will not vary 
greatly from that of conventional aircraft with 
the exceptions noted herein. 


RANGE CONTROL 


Flight planning consists of three phases: 
weather analysis, route analysis, and range 
contro]. Of the three, range control is un-: 
doubtedly the most important. It is especially 
important on long overwater missions where 
there are no intermediate points along the route 
at which the aircraft could land in case of an 
emergency. All long range missions require 
careful planning of range control] which consists 
of determining the amount of fuel needed for 
the flight and monitoring fuel consumption 
during flight. 


The primary objective of range control is 
safety; namely, assuring that the aircraft will 
arrive at destination with a specified amount 
of fuel reserve or, if difficulties occur in flight, 
will be able to return to departure with a given 
amount of fuel. The secondary objective of 
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SECTION Il. RANGE CONTROL CHART 
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range control is economy since an unnecessary 
overloading of fuel causes a reduction of pay- 
load. 


After the amount of fuel needed for the 
flight is determined, a range control chart is 
prepared. Note the accompanying example. This 
chart provides graphic information of the fuel 
on board, the distance to fly, and how the fuel 
Is apportioned for the flight. 


The last phase of range control is the in-flight 
portion. This consists of taking periodic read- 
ings of the fuel remaining. The remaining fuel 
is subtracted from the amount of fuel on board 
at takeoff to determine the amount of fuel con- 
sumed. This is then plotted against the number 
of miles flown at the time of the fuel reading. By 
comparing this point with the fuel consumption 
lines plotted on the range control chart, it is 
possible to determine whether or not the air- 
craft is using too much fuel. If it is using too 
much fuel, this fact will be determined early 
enough in the flight to enable a safe return to 
departure. 


Flight Plan Fuel Load 


The flight plan fuel load must include fuel 
for the following: 


1. E'n route flight tume: Total flight time from 
takeoff to arrival over destination. 


2. Time to alternate: Flight time from destina- 
tion to alternate. 


3. Hold tume: The amount of fuel provided 
for holding at destination varies with com- 
mands. The following rules are typical: 


a. Alternate available — one and one-half 
hours of flying time. 


b. No alternate available — two hours of 
flying time. 


ec. Operation in areas above 59° north — 
two hours of flying time. 


4. En route reserve: 10%. of the en route flight 
time, not to exceed one hour, is provided as 
reserve fuel for two important reasons: 


a. The en route flight time is based on 
forecast winds. 
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b. The fuel charts are based on average 
consumption for that type of aircraft. Nat- 
urally, some aircraft will burn fuel at a higher 
or lower rate than the average. 


5. Taxung and runup fuel: This is a set 
amount for each type of aircraft which has 
been determined from previous experience. 


In addition to the above requirements, extra 
fuel may be added for special reasons such as 
anticipating heavy icing or the use of heaters. 


Fuel Planning Charts 


Fuel planning charts have been prepared for 
use in determining the fuel requirements of each 
type of aircraft. These charts are based on 
the following three factors: 


1. Type of aircraft. 
2. Gross weight of the aircraft. 
3. Density altitude. 


Fuel planning charts are also based on the 
assumption that the aircraft is operated at 
optimum efficiency, that is, the aircraft power 
controls are set for maximum mileage for the 
fuel consumed. This is known as cruise control 
and is the job of the pilot or the flight engineer. 


A set of fuel planning charts for a particular 
aircraft consists of a chart for every two thou- 
sand pounds of gross weight and for every one 
thousand feet of density altitude. To determine 
the proper chart to use for planning a particular 
flight, the gross weight can be determined 
accurately enough by using an approximate 
fuel load. After the flight altitude has been 
selected, density altitude can be determined 
from the flight plan pressure altitude and the 
average temperature at that altitude. 


Use of the DR computer to determine density 
altitude. Set pressure altitude opposite average 
temperature in the FOR AIRSPEED AND 
DENSITY ALTITUDE COMPUTATIONS 
window. Read Density Altitude in the DEN- 
SITY ALTITUDE window. For 9,000 feet 
pressure altitude and a —10° temperature, the 
density altitude is 8,000 feet. 
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FLIGHT PLANNING FUEL TABLE 


C-54/R5D/10,000/72,000 


-_ (Gallons) 
| 
i I 
7 00:06 05:48 1,310 11:30 2,408 
: 00:12 05:54 1,330 11:36 2,427 
; 00:18 6 06:00 1,351 3 11:42 2,446 
= 00:24 ; 06:06 1,371 11:48 2,465 
00:30 188 06:12 1,392 11:54 2,483 
00:36 211 06:18 1,412 12:00 2,502 
| 00:42 234 06:24 1,433 12:06 2,521 
) 00:48 257 06:30 1,453 12:12 2,540 
00:54 280 06:36 1,474 12:18 2,558 
at 01:00 303 06:42 1,494 12:24 2,577 
. 01:06 326 06:48 1,515 12:30 2,596 
01:12 349 4 06:54 1,535 12:36 2,615 
01:18 372 07:00 1,556 12:42 2,633 
01:24 395 07:06 1,576 12:48 2,652 
01:30 418 07:12 1,597 12:54 2,671 
01:36 44) 07:18 1,617 13:00 2,690 
01:42 464 07:24 1,638 13:06 2,708 
01:48 487 07:30 1,658 13:12 2,727 
01:54 510 07:36 1,677 13:18 2,746 
02:00 531 07:42 1,696 13:24 2,765 3 
02:06 551 07:48 1,715 13:30 2,783 
02:12 572 07:54 1,733 13:36 2,802 
02:18 592 08:00 1,752 13:42 2,821 
02:24 613 08:06 1,771 13:48 2,840 
02:30 633 08:12 1,791 13:54 2,858 
02:36 654 08:18 1,808 14:00 2,877 
02:42 674 08:24 1,827 3 14:06 2,896 
02:48 695 08:30 1,846 14:12 2,915 
02:54 715 08:36 1,865 14:18 2,933 
03:00 736 08:42 1,883 14:24 2,952 
03:06 756 08:48 1,902 14:30 2,971 
03:12 777 08:54 1,921 14:36 2,990 
03:18 797 09:00 1,940 14:42 3,008 
03:24 818 3 09:06 1,958 14:48 3,027 
03:30 838 09:12 1,977 14:54 3,046 
03:36 859 09:18 1,996 15:00 3,065 
03:42 879 09:24 2,015 15:06 3,083 
03:48 900 09:30 2,033 15:12 3,102 
03:54 920 09:36 2,052 15:18 3,121 
04:00 941 09:42 2,071 15:24 3,140 
04:06 961 09:48 2,090 15:30 3,158 
04:12 982 09:54 2,108 15:36 3,177 
04:18 1,002 10:00 2,127 15:42 3,196 
04:24 1,023 10:06 2,146 15:48 3,215 
04:30 1,043 10:12 2,165 15:54 3,233 
04:36 1,064 10:18 2,183 16:00 3,252 3 
04:42 1,084 10:24 2,202 16:06 3,271 
04:48 1,105 10:30 2,221 16:12 3,290 
04:54 1,125 10:36 2,240 16:18 3,308 
05:00 1,146 10:42 2,258 16:24 3,327 
05:06 1,166 10:48 2,277 16:30 3,346 
05:12 1,187 10:54 2,296 16:36 3,365 
05:18 1,207 11:00 2,315 3 16:42 3,383 
05:24 1,228 11:06 2,333 16:48 3,402 
05:30 1,248 11:12 2,352 16:54 3,421 
05:36 1,269 11:18 2,371 17:00 3,440 
05:42 1,289 11:24 2,390 17:06 3,458 
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There are two types of fuel planning charts. 
The first is a fuel table, such as the one shown 
on page 13-16. It is for a C-54/R5D, density 
altitude of 10,000 feet, and a gross weight of 
72,000 pounds. 


The table lists time entries for every six 
minutes and the amount of fuel which the air- 
eraft should burn for that amount of time. The 
third column, labeled “INT” for interpola- 
tion, gives the number of gallons for the listed 
times. Enter the table with the flight time and 
extract the fuel required. For example: 


Flight time: 13:16 


Fuel for 13:18 is 2,746 
Fuel for — :02 min is —6 
Fuel for 13:16 is 2,740 


The second type is the accompanying graphic 
chart, which is a fuel planning chart for a 
C-124A with a gross weight of 175,000 pounds, 
and a density altitude of 5,000 feet. The follow- 
ing example illustrates one method of using this 
chart. 


1. Given: a distance of 2,320 nm, wind factor 
of plus 50 knots, time to alternate of 00:30, 
and holding time of 1:30 hours. 


2. Enter chart at (A) with a distance of 
2,020 nm. 


3. Proceed horizontally to (B) wind factor, 
which is plus 50 knots. 


4. Proceed vertically to (C) fuel to destina- 
tion and read 28,600 pounds which is en route 
fuel. 


5. Proceed vertically to (D) on the average 
TAS line and then horizontally to (D,) and read 
194 knots TAS. 


6. From (C) proceed vertically to (EF) and 
read 9.5 hours which is the en route flight time. 


7. Add alternate and holding time to the en 
route flight time, i.e., 09:30+00:30+01:30 = 
11:30 hours. 


8. Enter chart at (F) for 11.5 hours and pro- 
ceed vertically to (G) and read 38,600 pounds, 
which is the flight plan fuel load minus en 
route reserve. 


AFM 51-40 VOL Il 15 APRIL 1960 


9. En route reserve is 10% of 28,600 pounds 
or 2,860 pounds. 


10. The flight plan fuel load is 38,660 pounds 
plus 2,860 pounds; a total of 36,460 pounds. 


Another method of using the fuel planning 
charts is to determine the en route flight time 
first. Enter the chart with time along the top 
or bottom and proceed vertically to the Fuel 
Consumed Line and read the amount of fuel. 
This is the method that will be used in the 
remainder of this discussion of Range Control. 


An example of the procedure for determina- 
tion of EAS and TAS is also shown. 15.3 or 
15:18 hours after takeoff the EAS (H) is 170 
knots and the TAS (J) is 188 knots. 


The chart also shows the brake horsepower 
(BHP) and the time at which the engine controls 
should be changed to maintain the desired 
BHP. 


Standard Flight Plan 


The Standard Flight Plan shows a detailed 
computation of range control information. The 
Standard Flight Plan, as illustrated, has been 
completed and the figures used in the following 
explanations are taken from this example. The 
heading and most of the columns in the form 
should be self-explanatory. Only those items 
which are peculiar to this form will be ex- 
plained below. 


The following subparagraphs correspond to 
the lettered columns in the Standard Flight. 
Plan. 


A. TO — The check points or geographical 
coordinates indicating the end of in-flight 
segments or zones. Entries in this column will 
be preceded by a number in parenthesis denot- 
ing an approximate percentile of the total flight 
plan distance in accordance with the following 
criteria: 


1. The flight plan check point, control zone 
boundary or compulsory reporting point, within 
150 nautical miles from departure, which ap- 
proximates the position where aircraft normally 
will have completed the climb phase. 
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2. The line for which the total distance in 
Column L closely approximates 25% of the flight 
Plan distance. 


3. The line for which the total distance in 
Column L closely approximates 50% of the 
flight plan distance. 


4. The line for which the total distance in 
Column L closely approximates 75% of the 
flight plan distance. 


5. The last zone on all flight plans. The dis- 
tance in Column L is the total distance from 
departure to destination. 


In planning flights of less than 1,500 nautical 
miles, the 25% and 75% -.entries are not re- 
quired. 


B. Zone No. — A zone number has been 
assigned for every 5° of latitude or longitude or 
for every 300 nautical miles. Weather offices 
provide winds for each of these zones. 


F. TAS — Cruising true airspeed in knots 
or average TAS in knots extracted from appro- 
priate fuel planning chart. 


J. Total Time — Enter cumulative total of 
entries in Column I, except that in any given 
zone during which the aircraft will be in a 
climb phase, the entry for Column J will be 
increased by one-half minute per thousand feet 
of expected climb. This is necessary since the 
true airspeed will be much lower during the 
climb than the true airspeed used to determine 
the ground speed for this line entry. 


K. Fuel for Column J — Enter the amount 
of fuel to be used for the time in Column J 
corresponding to each of the numbers designated 
in Column A. Fuel entries are not required for 
other zones. Note that the Fuel Graph here 
shown has been used for all fuel computations 
in this example. 


L. Total Dist. — Enter the cumulative total 
of zone distances. 


R. Wind Comp. — Wind component is the 
algebraic difference obtained by subtracting 
true airspeed from ground speed. 


S. Wind Factor — Wind factor is an average 
wind component for the approximate first half 
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of the route and the approximate second half 
of the route. An average wind factor is also 
determined for the entire route and is entered 
at the bottom of the column. The wind factor 
for the first half of the flight can be determined 
by averaging the wind components, provided 
that each wind component is weighted according 
to the zone time for that component. An easier 
method is to take the total distance for the first 
half and divide by the total time to that point, 
1.e., 1,111 nm divided by (5:59-0:05) hours 
equals 189 knots average ground speed. 189 
knots GS minus 207 knots TAS equals a —18 
wind factor. The same procedure can be used 
for the second half after the flying time and dis- 
tance for the first half have been subtracted 
from the total time and distance. Thus, 11:10— 
5:59 =5:11. 2,142 nm—1,111 nm=1,0381 nm. 
1,081 nm divided by 5:11 hours equals 199 
knots average ground speed for the second half 
of the mission. 199 knots GS minus 207 knots 
TAS equals a minus 8 wind factor. The same 
computer problem is used to determine the wind 
factor for the entire route. 


TIME AND FUEL ANALYSIS. The following sub- 
paragraphs correspond to the numbered items 
in the Time and Fuel Analysis Sections. 


1. E'n route flight tume. Total flight time from 
takeoff to arrival over destination. This entry 
is the same as the last entry in Column J. 


2. Time to alternate. Enter the flight time 
from destination to alternate which is taken 
from the terminal alternate line. 


3. Holding tume. Enter 1:30 hours since an 
alternate is available. 


4. Total tume. Enter the sum of Items 1, 2, 
3 above. 


5. Fuel for Item 4. Enter the amount of fuel 
obtained from the appropriate fuel planning 
chart for the total time entered in Item 4. 


6. En route reserve. Enter below ‘“‘En Route 
Reserve’? — 10% of Item 1, En Route Flight 
Time, not to exceed 1 hour. (The amount of 
Ein Route Reserve Fuel to be entered in 6B 
is obtained from the appropriate fuel planning 
chart by extracting the difference between the 


13-21 








AFM 51-40 VOL ff 15 APRIL 1960 


fuel required for En Route Flight Time (Item 
1) and the fuel required for En Route Flight 
Time (Item 1) plus 10%). 


Fuel for 12:11 — 38,400 lbs. 
Fuel for 11:11 — 35,700 lbs. 


Ein Route Reserve 2,700 Ibs. 


7. Extra fuel. Enter the amount of extra fuel, 
if any, that is planned to be put aboard the 
aircraft. 


8. Takeoff Fuel. 


B. Planned — Enter the sum of Items 5B, 
6B, and 7B. 


C. Actual — Enter the difference between 
Total Service, Item 10C, and Taxiing and Runup 
Fuel, Item 9C. 


9. Taxing and runup fuel. Enter the amount 
of fuel specified in the fuel planning manual — 
360 Ibs. in this case for the C-124A. Planned and 
actual entries should be identical. 


10. Total Service. 
B. Planned — the sum of Items 8B and 9B. 


C. Actual — the actual Total Fuel aboard 
the aircraft prior to engine runup. 


11. Total pro rata. Total pro rata fuel is ob- 
tained by subtracting fuel for Total Time, 
Item 5B, from actual Takeoff Fuel, Item 8C. 
Total Pro Rata Fuel represents the sum of 
Ein Route Reserve, Item 6B, and Extra Fuel, 
Item 7B. 


EQUAL TIME POINT (ETP). This is a point 
along the route at which it will take the same 
amount of time to fly on to destination as it 
will to turn around and fly back to the de- 
parture point. It is not necessarily the midpoint 
in distance nor is it the midpoint in flying time 
from departure to destination. Its location de- 
pends on the wind factors for each half of the 
route. In case of an emergency such as the failure 
of one engine, the ETP becomes important in 
determining whether to go on to destination or 
to return to departure. The formulas in the lower 
left corner of the Standard Flight Plan are 
used to determine the distance and the flying 
time from departure to the ETP. 
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ETP IN MILES, the first formula, uses the 
following information: 


1. Dist is the distance from departure to 
destination or between designated en route 
landing bases. 


2. GSr is Ground Speed Return from the 
approximate midpoint to departure. Apply 
average forecast wind factor for the first half 
of the flight to TAS, using reverse sign, for 
example, 207k TAS—18k wind factor =225k 
GSr. 


3. GSc 1s Ground Speed Continuing from the 
approximate midpoint to destination. Apply 
average forecast wind factor for the last half of 
the flight to TAS, thus, 207k TAS—8k wind 
factor = 199k GSc. 


This problem may be solved on the computer 
in one operation by setting DISTANCE over 
GSr plus GSc and then reading ETP IN 
MILES over GS8r. 


DIST _ETPIN MILES 
GSrt+GS8c - GSr 
or 
2142 ETP IN MILES 
“424 925 


The TIME TO ETP formula may be solved 
as a normal ground speed and distance prob- 
lem on the DR computer. 


POINT OF SAFE RETURN (PSR). This is the 
farthest point along the route to which the 
aircraft can fly and still return safely to the 
point of departure. Although it seldom becomes 
necessary to return to departure after passing 
the ETP, it can happen that bad weather or 
enemy action may make it desirable to return. 
At such times it is necessary to make a quick 
and accurate decision. You are ready to do this 
when you have the PSR computed in advance. 


To find the PSR all of the fuel on board the 
aircraft at takeoff is used except the fuel needed 
for holding and for flying to the departure 
alternate. The formula for TIME TO PSR(t), 
at the bottom of the Standard Flight Plan, re- 
quires the following entries: 


1. ‘“‘T” which is referred to as “Big T’’, is 
takeoff fuel, Item 8C, expressed in hours of 
flying time minus total time for departure 
alternate and holding. Item 8C (43,440 Ibs) 
converted to time is 14:13 hours. From this sub- 
tract 1:33 hours (1:30 Holding plus 00:08 to 
departure alternate) to get.12:40 hours for ‘‘T”’’. 


2. GS, is Ground Speed Returning from the 
approximate midpoint to departure. This is 
the same as GSpr in the ETP formula, being 
225 knots in the example. 


3. GS, is Ground Speed out from departure 
to approximate midpoint. 207k TAS—18k 
wind factor =189k GS. 


NOTE 
GS: plus GS&; is equal to the TAS times 2. 


In solving this formula on the computer, 
convert minutes to tenths of an hour by divid- 
ing the number of minutes by six, thus 12:40 
hours becomes 12:67 hours. Then set “T”’ 
over GS, and GS, and read TIME TO PSR (t) 
over GS, as shown below: 

12:67 t 

ANA ~ 295 t=6.87 or 6:53 hours 

PSR IN MILES is found by taking t (6:53) 
<GS, (189). This can be solved easily as a 
ground speed and time problem on the com- 
puter. 


Range Control Chart 


Information from the Standard Flight Plan 
is now used to prepare the Range Control Chart. 
The completed range control chart, illustrated 
previously, will be referred to in the following 
explanation. 


CHART CONSTRUCTION DATA. Complete this 
section first by entering the required data from 
the Standard Flight Plan. The following sub- 
paragraph designators correspond to the column 
designators on the chart. 


A. Pownts. These numbers correspond to the 
five numbers in parentheses in column A of 
the Standard Flight Plan. The information in 
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columns B and E is taken from the correspond- 
ing lines and columns of the Standard Flight 
Plan. 


B. Column K Fuel. Enter the fuel amounts 
from column K, Standard Flight Plan. 


C. Percent of Pro Rata Fuel. Enter the total 
pro rata fuel in Item 11B, Standard Flight Plan 
on line No. 5 beside 100%. On lines Nos. 2, 
3, and 4 enter 25%, 50%, and 75%, respectively, 
of the total pro rata fuel. These percentages 
correspond to the percentage of the total dis- 
tance, and they indicate the amount of the pro 
rata fuel which can be used up to that point. 


D. Fuel B+C. Enter the sum of columns 
B and C. 


E. Column L Distance. Enter the total dis- 
tances from column L, Standard Flight Plan, 
which are on the same lines as the fuel entries 
in column K. 


GRAPH. Fuel and Distance are plotted on the 
graph to give a clear representation of the fuel 
aboard the aircraft, and how that fuel is planned 
to be used during the mission. The graph is 
completed in the following manner: 


1. Fuel. Fuel graduations will be made on 
the left-hand vertical section, starting with 
zero pounds or gallons in the lower left-hand 


-eorner, and progressing numerically toward the 


upper left-hand corner, with appropriate spac- 
ing to permit accommodation of actual takeoff 
fuel, Item 8C, Standard Flight Plan, within the 
vertical limits of the graph. In the Range Con- 
trol Chart illustration, each large square repre- 
sents 3,000 pounds of fuel. | 


2. Distance scale. Mile graduations are estab- 
lished along the lower horizontal section starting 
with zero miles in the left-hand corner, progress- 
ing numerically toward the right-hand corner. 
Two scales are available for use. Draw a line 
through the figures for the scale which are not 
used. 


3. Takeoff fuel. Actual takeoff fuel (Item 8C 
Standard Flight Plan) is represented by a hori- 
zontal line originating on the fuel scale and 
terminating at the vertical line representing 
total distance to destination. 
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4. Total distance. Total distance to destina- 
tion is represented by a vertical line originating 
on the distance scale and terminating at the 
horizontal line representing actual takeoff fuel. 
The destination, (Travis AFB) is indicated on 
this vertical line. 


5. Maximum consumption curve. Plot a curve 
depicting the maximum amount of fuel which 
may be consumed prior to arriving over destina- 
tion with the required amount of alternate hold- 
ing fuel. The maximum consumption curve is 
represented by plotting column D fuel versus 
the corresponding distance, column E, and 
will be labeled “MAX”’. 


6. Planned consumption curve. A curve de- 
picting the amount of fuel which is planned 
to be consumed is represented by plotting 
column B fuel versus the corresponding dis- 
tance, column E, and will be labeled ‘‘PLAN- 
NED”. 


7. Alternate and holding fuel. The segment of 
the total distance line between the “MAX” 
curve and the takeoff fuel line is for alternate 
and holding, and will be labeled “A & H”’. 


8. Reserve and extra fuel. The segment of the 
total distance line between the “MAX” and 
“PLANNED” curves is the reserve and extra 
fuel, and will be labeled “R & E”’. 


9. ETP and PSR. A graphic portrayal of the 
ETP in miles, and the PSR in miles, is not re- 
quired on the range control chart. During the 
flight mission the times to the ETP and PSR 
will be used to establish the ETAs for these 
points. Not later than one hour prior to the 
ETA for the ETP, the ETP and PSR will be 
recomputed using the actual wind components 
for the first half of the flight. 


IN-FLIGHT PROGRESS DATA. The lower right- 
hand corner of the graph is used to record 
in-flight fuel readings. The amount of fuel re- 
maining is actually determined by the flight 
engineer or pilot, and given to the navigator 
each hour. The takeoff time and the actual take- 
off fuel, Item 8C, are recorded on the first line. 
The time of each fuel reading, the fuel re- 
maining, and the total distance flown at the 
time of the reading are recorded on succeeding 
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lines. The total fuel consumed is obtained by 
subtracting the latest fuel remaining reading 
from the actual takeoff fuel. 


In-flight Use of Range Control 


The range control chart provides a method 
of monitoring fuel consumption during flight 
with a minimum of time and effort. Since the 
range control plot is one of distance flown versus 
fuel burned, the readings of the gages on the 
aircraft will have to be subtracted from the 
total actual takeoff fuel because the gages indi- 
cate fuel remaining. A block is provided for 
these computations on the range control chart. 
At regular time intervals fuel readings are 
taken, converted to fuel burned, and plotted 
on the range control chart versus distance 
flown. 


The range control problem is to reach the 
destination with sufficient fuel for alternate 
and holding purposes or, if fuel consumption 
is higher than allowed, to return to departure 
with fuel for alternate and holding purposes. 
As the fuel readings are plotted, they will fall 
in a curve similar to the maximum curve but 
generally below it. The first reading after de- 
parture may fall above the maximum curve or 
close to it; this is caused by additional amounts 
of fuel spent in taxiing and runup or in excessive 
fuel burned during the climb. This curve, how- 
ever, should fall below the maximum curve 
long before reaching the PSR. 


When the plotted points fall above the maxi- 
mum curve and the trend indicates that they 
will continue to do so, a return to departure 
must be made before passing the PSR. Theo- 
retically, one could continue to the point of 
safe return and turn back arriving at departure 
with the alternate and holding fuel. The better 
practice, however, is to return when reasonable 
certainty exists that the PSR will be exceeded 
since the plotted points continue to fall above 
the maximum curve. 


The trend of fuel burned versus distance 
flown is important when the navigator is con- 
sidering returning to departure. The trend 
could be such that the plotted points would fall 
below the curve and one could arrive at desti- 





nation with alternate and holding fuel. Or, the 
trend might indicate that one would not arrive 
at destination with alternate and holding fuel. 


All the range control computations are based 
on preflight information. The two items which 
will have the most effect upon the range control 
problem are the point of safe return and the 
equitime point. Because the winds experienced 
in flight will generally vary from the preflight 
information, it is a sound practice to recom- 
pute the PSR and ETP by substituting the 
actual groundspeeds in the formulas when 
nearing these two points. This is especially 
important when there is a great difference in 
the actual and predicted winds. 


A point of no return may also be constructed 
for use with range control. This would represent 
that point in the mission where a return must 
be made to departure since it is theoretically 
impossible to pass this point and return with 
any fuel. To construct a point of no return, sub- 
stitute the actual takeoff fuel into the PSR 
formula for T. Plot the result as a horizontal 
line on the range control chart. 


Jet Range Control 


Jet range control has essentially the same 
objective as that for propeller-driven aircraft — 
the ability to reach destination with the re- 
quired reserve for delays and possible diversion 
to the alternate airport. The operational charac- 
teristics of jet-powered aircraft, however, re- 
quire more consideration of weight, speed, 
altitude, and nonstandard temperature varia- 
tions. Flight planning starts with the fuel de- 
sired over destination and then proceeds by 
adding increments of requirements in inverse 
order: descent, cruise, and climb. The range 
control chart shows a plot of fuel on hand 
versus miles to go, against which the navigator 
plots the measured quantity of fuel aboard for 
the times of his fixes. These points should 
plot above the fuel-required line. The point of 
safe return is shown as is the cretecal point 
which would become points of safe return in 
event of failure of one or more engines. 


Normally, jet aircraft do not fly at a constant 
altitude. Climb is rapid until the stabilizing 
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height is reached, where engine thrust equals 
the drag of the aircraft. The cruising phase 
begins at this time. Altitude during cruise de- 
pends upon weight and air temperature. Weight 
becomes less as fuel is consumed, and the air- 
craft generally climbs. A decrease in air tem- 
perature increases the thrust and increases the 
rate of climb. An increase in air temperature 
flattens or eliminates the climb. 


The many variables in jet engine operation 
increase the complexity of jet range control. 
Because of the high fuel consumption of jet 
aircraft, generalized procedures are not applic- 
able. It is customary to devise and use the best 
technique for each type aircraft. 


LOW LEVEL NAVIGATION 


The primary purpose in conducting tactical 
operations at low level is to gain the element 
of surprise, avoid detection and interception, 
and to minimize the effect of anti-aircraft 
defenses. In addition, certain types of tactical 
operations such as para-drops and aerial re- 
supply missions by their very nature must be 
conducted at low level. 


The problem of performing accurate naviga- 
tion at low levels differs considerably from those 
at higher altitudes. Low level navigation requires 
comprehensive flight planning, accurate dead 
reckoning, and extensive utilization of the 
ground position indicators. The navigator must 
work very rapidly in order to make and inter- 
pret inflight observations. In general, the effects 
of low altitude flying on the navigation problem 
are a result of reduced radar range, reduced 
visual capability, loss of reliable celestial tech- 
niques because of turbulence and/or frequent 
overcasts, and inconsistency of winds due to 
terrain effects. In addition, the normal mechanics 
of navigation, such as writing, measuring, com- 
puting, and plotting are made difficult to im- 
possible by turbulence encountered at low alti- 
tudes. 


Planning the Mission 


The key to successful low level navigation 
is the careful and detailed planning which is 
done prior to the flight. Every minute spent on 
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flight planning is that much more assurance that 
the low level mission will be a success. 


ROUTE SELECTION. A careful selection of the 
route to provide good navigation check points 
is important. A careful study of all possible 
routes must be made, taking into consideration 
the existence of recognizable landmarks and 
enemy defenses. It is often possible to take 
advantage of directional characteristics of na- 
tural or cultural features in flight planning 
which will simphfy the navigation problem in 
the air. Rather than planning long straight 
legs, slight deviations in the route may offer 
a better selection of navigation check points. 


If possible, turning points should be over or 
close to identifiable points such as provided 
by good land-water contrast, that will give 
good radar definition at maximum range. 


In operations employing formations of any 
appreciable size, turns must be started prior to 
reaching check-points to insure departure on 
desired course after completion of the turn. 
The radius of the turn will, of course, vary with 
the type of aircraft and size of formation in- 
volved, but to insure adequate en route posi- 
tioning, turns should be plotted and allowed 
for in the flight planning. It should be kept in 
mind that when formations are employed, turns 
greater than 60° adversely affect formation in- 
tegrity and will extend ETAs to the next check 
point. 


In special operations such as troop carrier 
para-drop or aerial resupply missions, the need 
for careful selection of the route to drop or 
landing zone cannot be overemphasized. The 
vulnerability of such aircraft to small arms or 
ground fire, plus the necessity for complete 
surprise, places route selection at the top of 
the list for mission success requirements. Ad- 
herence to preplanned routes, and accuracy in 
ETAs for rendezvous points, turning points, 
and initial points are of paramount importance 
to a successful operation. This js particularly 
important when multiple axis of approach run- 
ins are made to the same target. No second 
runs are permitted. If the drop or landing zone 
is missed the mission is 2 failure. 
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ALTITUDE SELECTION. Particular attention 
must be given to terrain elevation, both along 
the intended flight path and adjacent to it, to 
insure clearance particularly in the event of 
unforeseen weather. Little or no room exists for 
weather avoidance at low altitudes. Abrupt 
or irregular changes in terrain elevation should 
be noted. 

Particular attention should be given to the 
height of cultural features (television antennas 
and the like) during route and mission planning. 
The latest maps available will be used and lists 
of obstructions on the ‘Master’ obstruction 
chart as well as those contained in the Air- 
men’s Guide will be studied carefully. 


NOTE 





Current sectional charts are excellent for 


research of new cultural obstructions. 


CHART SELECTION. The specific mission to 
be flown will determine the most suitable pro- 
jection and scale. Obviously, the speed of the 
aircraft will play a major role in the selection 
of the chart scale. Slower speed missions may 
best be planned on Pilotage Charts or Sec- 
tional Charts (Scale 1:500,000). For higher 
speed missions, the WAC, JN, and ONC series 
charts generally prove more desirable. The 
type of target will also affect the chart selec- 
tion. Whenever possible, scaled aerial photos 
of the target area should be used, but this 
source cannot be relied on in all cases. 

Experience in low level navigation in jet 
aircraft indicates that the scale of the JN is 
more adaptable to this type of operation. The 
WAC chart is primarily used by the pilot, who 
is responsible for visual pilotage fixes. Low 
level WAC charts, when available, may be 
satisfactory for both pilot and navigator. 
In-flight navigation coordination between the 
pilot and the navigator is extremely impor- 
tant. This can be enhanced by the pilot and 
navigator using the same check points and 
identifving each check point with a number 
(or code). Pilots will find that a strip chart 
(made of joined WACs) covering an area six 
inches each side of course will satisfy in-flight 
pilotage needs. 








CHECK POINT SELECTION. Check points should 
be selected not more than twenty minutes apart 
along the route. A ten-minute interval is 
recommended if a sufficient number of points 
is available. 


A five-minute interval has been proven highly 
satisfactory by many experienced low level 
navigators, but this varies with the specific 
mission and the terrain encountered. Courses 
flown over areas of rolling or mountainous ter- 
rain require a study of the terrain elevation 
relative to the check point elevation to deter- 
mine its radar “return” probability. In order 
to utilize optimum check points, it may be 
necessary to fly a series of short dog-legs, which 
will insure accurate aircraft position at all times. 
The distance along the planned route should be 
divided into equal increments; for instance, 
sixty-mile increments, based on ten minutes or 
six miles a minute. 


Off-course correction tables are the most 
expeditious means of maintaining aircraft on 
course or altering into a desired terminal point. 
However, if desired, course correction lines can 
be preplotted to fan out from the turning points 
and major check points for use in making course 
corrections when approaching these selected 
points. It is recommended that a five degree 
increment be used in plotting these lines. 


IN-FLIGHT PROCEDURES. Aircraft position is 
more important to the success of low level 
navigation than the maintenance of a log and/or 
chart. The old adage, “‘an hour of preparation 
on the ground will save two in the air’, is 
doubly true when applied to low level naviga- 
tion. Since light winds are encountered at low 
altitudes, a flight plan actually becomes the 
record of flight, therefore, adherence to the 
plan is vitally important. This can be done 
by flying ‘“‘point to point’, and by using fre- 
quent corrections, if necessary, to insure close 
adherence to intended track and by ‘making 
good” major check points or turning points. 
This procedure will prove more reliable than us- 
ing a single heading correction to each check 
point or turning point, with the heading based 
on an average computed wind as is common in 
normal navigation procedures. 
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Methods of Navigation 


DEAD RECKONING. Basic procedures are used 
with drifts and ground speed checked by radar 
and pilotage fixing, when possible. At low alti- 
tudes, wind velocities are generally light; how- 
ever, because of surface friction, particularly in 
rugged terrain, winds can be relied on for only 
short distances, and average or spot winds 
should be used with caution. The GPI capabili- 
ty of the radar system should be used to the 
maximum and will be a tremendous aid to dead 
reckoning navigation. 


PILOTAGE. Map reading by using natural 
geographic features and major cultural features 
should be stressed. In general, the use of minor 
cultural features such as roads, small towns, and 
the like, are reliable only in areas that are 
known to be accurately mapped and can be 
very misleading in areas of dense population. 
Visual pilotage fixes should be checked against 
radar positions when possible. The following 
“rules-of-thumb’’ can be followed when mak- 
ing wind and drift observations: 


1. Over land, during daylight, blowing dust 
and smoke will provide an estimation of wind 
direction and drift. 


2. Over water, during daylight, wind direc- 
tion and drift may be estimated by observation 
of white caps: 


No white caps 0-10 knots 
A few white caps 10-20 knots 
Many white caps 30-40 knots 


Many white caps with spray 40 knots plus 


Radar 


Radar pilotage can be very accurate and a 
valuable navigation aid when precision fixes 
are taken on known points. Under favorable 
conditions a radar range of 20 nm can be ex- 
pected at altitudes of 500 feet, however, good 
definition of returns can only be expected at 
10 nm range. These figures may vary as condi- 
tions change. Generally, radar ranges of from 
7 to 20 nm may be expected at an altitude of 
500 feet, increasing to 15 to 30 nm at 1,000 
feet. 
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At low altitudes the appearance of radar re- 
turns changes rapidly as the aircraft approaches 
or passes over or abeam them. Often the best 


identifying features of a check point cannot © 


be distinguished by radar at low altitude. Be- 
cause of this reduced radar range, dead reckon- 
ing procedures should be used to verify and 
identify radar returns. Experience has shown 
that ‘‘no-return’’ areas, such as lakes and 
rivers, will be more reliable for radar navigation 
and will furnish more accurate fixes than towns 
or similar type returns. Tilt and gain settings 
are critical at low altitudes and must be closely 
monitored. Radar navigation at low level may 
be used very effectively when employed in 
conjunction with the radar-navigation unit. 
Radar synchronous winds can be reliably taken 
at low altitudes even when below design (alti- 
tude) limitations of equipment providing specific 
synchronization procedures are followed. 


Celestial 


The instability of the aircraft during low level 
Operations practically precludes the use of 
celestial observations. Celestial navigation 1s 
used only as a last resort. If possible, deviation 
checks may be made shortly after takeoff, 
however, this is the exception rather than the 
rule if the entire flight is conducted at low level. 


Track Maintenance 


The flight plan must be strictly adhered to 
in the air. For this reason; the corridors which 
have been designated in the preflight must be 
maintained. There are several methods of main- 
taining track, each of which has its particular 
advantage and disadvantage. 


Five-Degree Radiating Lines. By drawing lines 
from departure and destination (or turning 
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point) radiating 5° either side of track, a 
visual inspection of a fix will give the number 
of degrees to alter to maintain track. The 
alteration to maintain track consists of two 
corrections: the number of degrees to paral- 
lel track and the number of degrees to con- 
verge on destination. Consider the example as 
here sketched. The fix shows that the aircraft 
has drifted 2° off course to the right. The cor- 
rection to parallel course, then would be 2°. 
Looking at the radiating lines extending from 
the turning point, it can be seen that it will 
take 3 more degrees alteration to converge on 
destination. The total correction is 5°. 


This method is very helpful where a leg of the 
route has very few check points and an instan- 
taneous correction must be made to converge 
immediately on the turning point. The radiating 
lines, however, tend to clutter the chart and 
cannot be used where many check points are 
available, where the legs are too short, or where 
legs cross each other. 


The Rule of Sixty. The correction to parallel 
course and to converge can be determined easily 
by using the “rule of sixty’’. If after flying 60 
miles the aircraft is two miles from course, the 
correction would be 2° to parallel course. If 
there is yet another 120 miles to fly to the turn- 
ing point, another 1° will cause the aircraft to 
converge. The total correction, then, is 3°. 
This can be set up on the back of the computer 
so that: 


Distance off course Correction to parallel 
Distance flown 7 60 or, 


Distance off course _ Correction to converge 
Distance to fly 7 60 


The slide rule of the MB-4 DR computer has a 
drift correction window in which this off-course 
correction may be read. The value read in the 
window is based on 57.3 instead of 60 and is 
therefore more correct for small angles. 
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Off-course Correction Tables. The same infor- 
mation can be determined from a table which 
has the corrections to parallel and to converge 
listed under the miles off course. (Refer to the 
off-course correction tables herewith.) To use 
the graph, enter from the top with the miles 
off-course, go down to the line representing 
miles flown, and read the correction to parallel. 
Do the same for the correction to converge, 
except that the “Miles Flown’”’ represents miles 
to fly. Add the two corrections for the total 
alteration. 


Alter Heading Tables. These tables, as illus- 
trated, have been prepared for use when it is 


Compass correction to parallel track course __ 
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necessary to regain course rather than converge 
upon the turning point. With each table, the 
entering arguments are the miles off course 
and the groundspeed. One table is used when 
an alteration of 15° plus the correction to parallel 
course is made. Enter on the left with miles off 
course, go horizontally across the chart to the 
line representing groundspeed, and go vertically 
to the bottom to read the time to regain course. 
After the alteration is made and the indicated 
time has elapsed, an alteration to the original 
(or corrected) heading should be made so that 
track will be maintained. ”" 
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A-H tables 


For example, if the groundspeed is 400 knots 
and the aircraft is 9 miles off course after having 
flown 110 miles, the correction to parallel is 
ae or 5°. Add this to the 15° 
course for a total correction of 20°. In 5 minutes, 
alter back to maintain the original track. The 
30° table is used in the same manner. 


for regaining 


General Information 


One of the principal difficulties of low level 
navigation is the physical manipulation of the 
ordinary navigational tools by the navigator 
under the adverse condition of turbulence. Any 
technique or device that will reduce the demand 
upon the navigator’s time and efforts without 
Sacrificing accuracy and reliability would be of 
benefit to low level navigation. Such a device 
ls available in the form of proportional dividers. 
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The application of proportional dividers as 
an aid to low level navigation is as follows: 


1. Every pair of proportional dividers has a 
proportion scale, numbered from 1 
through 8 or 10 (depending upon the 
manufacturer). Set groundspeed in nau- 
tical miles per minute on the proportional 
scale, arc off the distance from DR posi- 
tion or fix to ETA point with large end of 
dividers. Time in minutes to ETA point 
may be measured on distance scale (along 
any meridian, but use mid-latitude if us- 
ing a mercator chart) with the small 
ends of the dividers. 


. To determine the distance that can be 
flown or has been flown with a given 
groundspeed and time, again set ground- 
speed as explained above. Arc off time 
in minutes on distance scale (along 


13-31 


MINUTES TO FLY 


REGAIN COURSE 


ALTER HEADING 


30° TO THE 
TRUE COURSE 








AFM 51-40 VOL Il 15 APRIL 1960 


meridian) with small ends of dividers. 
Reverse the dividers and read distance 
in nautical miles with large ends of 
dividers on same scale. 


Example: 
Given: DR position and check point as 


shown in the 380° alter heading graph. 
GS 450k. 


Solution: 450k=7!5 nautical miles, min. 
Set dividers to 714 on proportional scale 
(actually slightly more than 71% since 
scale is a constantly decreasing type, 
as inspection will reveal). If desired, 
groundspeeds may be etched on the pro- 
portional scale, but ‘‘eye-balling’’ pro- 
vides sufficient accuracy in most cases. 
Arc off distance between the two given 
points with the large ends, read ETA 
in minutes (20) with the small ends 
along any convenient meridian. There- 
fore, ETA is 0825. Note that it is not 
necessary to know distance in solving 
this problem; miles flown (150) is read 
along the same scale with the large ends. 


If using the 1-10 scale dividers, the navi- 
gator can work with groundspeeds up to 600 
knots; with the 1-8 scaled dividers he is limited 
to a groundspeed of 480 knots. With ground- 
speeds in excess of 480 knots, the groundspeed 
can be halved and the resulting time divided 
by two. This deviation from normal procedure 
should seldom, if ever, occur as the ground- 
speed at low altitude will rarely exceed 480 
knots. 

While the instrument is especially applicable 
to low level navigation, it will be found highly 
useful for other navigational methods as well, 
such as quick determination of ETA at termina- 
tion of celestial legs, distance out to fly on RBS 
runs when given control time releases, and so 
forth. 


Crew Coordination 


Specific coordination must be effected be- 
tween the navigator and other aircrew members. 
The relatively short period of time available 
to observe and identify check points makes 
any possible assistance from other crew members 
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of vital importance to the navigator. The success 
of the mission will ultimately depend upon crew 
coordination. If the pilot fails to comprehend 
the necessity of flying briefed airspeeds and 
headings the mission will definitely be unsuccess- 
ful. If the navigator fails to capitalize on the 
assistance other crew members may offer him, 
the mission will be much more difficult to com- 
plete successfully. 


In conclusion, the most important phase of 
the low level mission is the flight plan. If the 
mission is planned well and there is good crew 
coordination, the mission will be a _ success. 
The navigator should know all the aids that will 
be available, be familiar with all aspects of 
the particular mission, study them until he 
has a clear mental picture, and finally, maintain 
good in-flight DR procedures. If this is done, 
the low level mission will be immeasurably 
simplified. If not, the chances of success are 
proportionally reduced. 


RECONNAISSANCE NAVIGATION 


The effective employment of air forces is 
not possible without intelligence upon which to 
base the application of these forces. Through- 
out interior and peripheral actions, there is a 
constant demand for detailed and timely intelli- 
gence about the enemy nation and its military 
forces. There are many sources of intelligence 
information that must be exploited; through 
aerial reconnaissance, air forces have a unique 
capacity to acquire information that is far 
beyond the scope of surface forces. 


In order to understand the problems of the 
reconnaissance navigator, it is first necessary 
to discuss briefly the major forms of reconnais- 
sance in use by the Air Force today. They may 
be divided into aerial reconnaissance (photog- 
raphy), radar reconnaissance, weather recon- 
naissance, and electronic reconnaissance. 


Aerial Reconnaissance (Photography) 


Although the various commands use aerial 
photographic reconnaissance to support their 
own particular missions, the basic concepts re- 
main the same. Aerial reconnaissance may be 
defined as the direct photographic recording 





of ground objects by airborne cameras. There 
are reconnaissance models of both bomber and 
fighter aircraft. Some of the aircraft carry only 
three or four cameras while others may use a 
dozen or more. 


Aerial photographic reconnaissance is divided 
into day and night aerial photography, high and 
low, and large and small scale. Generally, high 
altitude photo reconnaissance is obtained by 
long range jet aircraft of the RB-47 type em- 
ploying a variety of cameras. Low altitude day 
photography is generally accomplished by fighter 
reconnaissance planes and light bombers (B-57), 
and employes no special navigation techniques 
other than those involved in any low level 
mission. 


Night photography differs from day only in 
that some sort of illuminant is used at the time 
of the camera operation to provide sufficient 
light for exposure. At present, this illuminant 
is in the form of a photoflash bomb dropped 
from the aircraft just prior to passage over the 
target to be photographed. Low level illumi- 
nants are usually in the form of flash cartridges 
fired from the aircraft during the entire photo 
run. 


Large scale photography results in recon- 
naissance of a small, specified area and is ac- 
complished with long or telescopic type lens 
cones. Small scale photography covers a wide 
area of the earth, providing little detail, and is 
accomplished with short or wide angle type 
lens cones. 


Navigation problems encountered in night 
high altitude photography are the same as 


those met in any high altitude bombing mission. 


The target is selected at briefing and the mission 
is planned to bring the aircraft over the target 
from an initial point (IP). The exact aiming 
point to be photographed is identified on radar, 
and the aircraft is directed over the target by 
use of the bombing system. Photoflash bombs 
are automatically released at the proper time. 
The cameras may be actuated either manually 
or automatically by use of an intervalometer by 
energizing a photoelectric cell in the camera 
compartment, or by an electrical pulse from a 
memory delay unit. (Bombing computations, 
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types of cameras and illuminants used, and 
actual mechanics of the run are described in 
detail in AFM 55-6, Aerzal Photographic Recon- 
naissance. 


Day high altitude photo reconnaissance in- 
volves two general types of runs. They are the 
large scale pinpoint photo run and the small 
scale charting strip run. The pinpoint run is 
designed to obtain photographic coverage of a 
specific aiming point, such as a factory or bridge 
within a target complex. The charting strip, as 
the name implies, involves photographing con- 
tinuously a long strip of the earth’s surface, 
usually 60 or 100 nautical miles in length. 


Since high altitude photography is usually 
accomplished at the highest altitude possible 
for the aircraft and, if over enemy territory, at 
the highest speed possible, navigation problems 
associated with placing the aircraft either over 
the pinpoint target or along the charting strip 
are accentuated with the latest jet bomber 
reconnaissance aircraft. In slower reconnaissance 
aircraft, such as the RB-50 and the RC-130, 
the navigation problems associated with the 
types of runs described above are not nearly 
as acute as those encountered in the RB-47 or 
RB-66, flying nearly twice as fast and often 
much higher. The problems, however, are 
basically the same: getting the aircraft over an 
initial point and on a flight path that will keep 
it on the flight strip, or bringing the aircraft 
directly over the pinpoint target. 


Obviously, navigation techniques involved 
in the solution of these two problems must be 
precise. An aircraft flying at 40,000 feet at a 
groundspeed of 500 knots can move off the 
desired track to the aiming point or off the flight 
strip in a matter of seconds if computations are 
not exact and the navigator is not alert. In addi- 
tion, the exact groundspeed and altitude must 
be known prior to the time of camera exposure 
to provide the proper interval spacing of the 
photographs obtained. Interval computation 
and overlay photography is discussed in greater 
detail in the appropriate reconnaissance man- 
uals. 


Since flying the flight strip involves all the 
problems met in any type of reconnaissance — 
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whether radar, weather, visual, or electronic — 
a detailed description of this type of run will 
suffice for all aerial reconnaissance. 

Careful flight planning before takeoff is of 
prime importance. Because of the complexities 
involved through the entire planning, flying, 
and critiquing of a mission, the normal period of 
time involved is two to three days of work. 


Among the items the navigator must know 
before boarding the aircraft for a photo recon- 
naissance mission are the cloud cover expected 
over the area, the winds aloft, the sun angle at 
the time of the run, and ground conditions; 
that is, whether there will be snow cover, dark 
forest-type of nonreflective material, or ground 
smoke or haze. He must also know the amount 
of film required to complete the coverage of 
the area and the type of cameras and filters 
specified for this coverage. These are flight 
planning items that are in addition to those 
normally associated with every mission and those 
needed for other portions of the mission. 


A complete preflight will include a readily 
recognized pre IP and IP along a line leading 
to the strip to be photographed so that the air- 
craft may be lined up properly at least 50 miles 
back from the start of the strip. The preflight 
should include preparation of all necessary maps 
for both the navigator and pilot. Sufficient 
visual check points should be marked on the 
maps to allow precise map reading navigation 
during the entire run. The preflight will also 
include the computation of the proper heading 
that must be flown to maintain the aircraft on 
the strip. The groundspeed must be known so 
that the camera controls may be set to the 
approximate settings prior to the beginning of 
the run. 


In other words, exact conditions expected on 
the run are anticipated as much as possible to 
save time once the run is started. If intermittent 
or broken cloud cover is expected along the run 
or ground haze or smoke is predicted, possible 
radar returns that could be used to maintain 
track are selected in advance; however, the 
deviation tolerances allowed on most charting 
strip runs preclude any navigation techniques 
other than pilotage. Radar may be employed 
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to assist in initial lineup if target returns are 
available. 


Prior to the run, the photo-navigator makes 
every attempt to determine the exact wind at 
the altitude of the run. While meteorological 
forecasts at high altitudes are generally very 
accurate, the wind must be determined with 
sufficient accuracy to place the aircraft on the 
proper heading after passing over the initial 
point within at least one or two degrees of the 
actual heading necessary. Should the heading 
be in error more than two degrees, the photo- 
navigator may find the aircraft has left the flight 
strip by a distance of several miles before he 
can correct back. 


Map reading duties are divided evenly be- 
tween the pilot and the navigator. The pilot 
checks the passage of selected visual reference 
points on the side of the aircraft and keeps visual 
reference check points along the track, points 
that are in advance of the aircraft 20 or more 
miles, in proper orientation. The navigator, 
using a viewfinder or optical bombsight, con- 
tinually checks drift along the flight strip and 
the passage of selected check points under 
the aircraft. In addition to map reading, the 
navigator determines the exact groundspeed at 
periodic intervals so that the proper interval 
may be kept in the camera controls. Coordina- 
tion between the pilot and navigator during the 
run is of prime importance. 


Acceptable photography is, of course, the 
end product of any reconnaissance mission. 
Intelligence agencies have established certain 
criteria which must be met before this end 
product is of any use to them. Herein lies the 
requirement for the most accurate type of map 
reading and DR techniques to be put into play. 
Regardless of what type of photographs are 
being taken (radar or visual), the navigation 
must be precise. 


Radar Reconnaissance 


Radar reconnaissance is divided into two 
general areas: charting or route photography 
and strike photography. Strike photography is 
further subdivided into prestrike, strike and 
post-strike photography. 


ROUTE PHOTOGRAPHY. Route photography 
requires no special techniques other than flying 
between two geographic points within three or 
four miles of a selected flight path and photo- 
graphing the PPI scope once every twelve scans. 
Range of the radar at the time of photography 
is dependent upon mission requirements and 
altitude, but generally is about 40 nautical 
miles each side of the flight path. Each succes- 
Sive picture should overlap the previous picture 
by 50 percent to insure complete coverage of 
the area. Results of this type of photography are 
used for map construction and radar navigation 
mission planning. During the charting run, the 
navigator should vary the gain control of the 
radar receiver when passing points of strong 
radar returns to afford the best possible defini- 
tion of these areas. The radar photographs ob- 
tained should provide an accurate radar picture 
of the entire area traversed. 


In any scope photography, the radar controls 
must be operated so that the optimum picture 
is always obtained. The operator must be able 
to distinguish between high, medium, and low 
gain settings. Although this does not appear 
at once to be a difficult operation, it must be 
remembered that the camera’s eye is much 
more critical than the human eye and only a 
slight variation in any of the controls which 
affect the picture on the scope will change the 
picture as it is developed on film. Good radar 
photography requires much experience in taking 
pictures, recording the control settings, and 
analyzing the results so that the scope, as seen 
by the eye, can be correlated with the picture 
which will result from that particular scope 
setting. 


PRESTRIKE PHOTOGRAPHY. Prestrike photog- 
raphy provides bomber crews with a complete 
radar picture of the area beginning some 50 
nautical miles prior to the IP and into the target 
itself. Strong emphasis is placed on obtaining 
photography that will provide the bombing 
navigator with a picture as nearly as possible 
like that he will see on the actual bombing run. 
For this reason, the mission is planned to dupli- 
cate the bombing mission with route photogra- 
phy accomplished prior to the initial point and 
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specialized radar photography accomplished 
from the IP through the run to the target. 


Maintenance of the flight strip during the 
target run is highly desirable since radar re- 
turns will vary in intensity if photographed from 
a different heading. Actually, the flight line 
tolerance of the tactical IP to target radar run 
approximates that used during an aerial charting 
strip run. In many cases, if weather conditions 
allow, the visual cameras are run simultaneously 
with the radar camera. 


During the IP to target radar run, the radar 
operator continuously varies the radar range 
setting and the receiver gain to obtain pictures 
of the target area throughout the full intensity 
range of his equipment. This provides a series 
of pictures for the photo interpreter that en- 
ables him to select adequate aiming points and 
identify prominent target structures within the 
target complex. 


Flight planning information, such as wind at 
altitude and weather conditions, is not as critical 
in radar reconnaissance as in aerial photography. 
However, the reconnaissance navigator must 
consider the presence of high altitude jet streams 
in planning his run and, if one is suspected 
between the IP and the target, remain alert 
for sudden changes in track. An acceptable 
method of maintaining track during a radar 
photo run is to preposition the known drift on 
the movable cursor on the face of the scope and 
turn the aircraft until the cursor lies through the 
target. As the target moves down the cursor, 
the navigator may detect any change in the 
drift angle of the aircraft or any error in the 
initial drift he has set. 


In addition to varying the receiver gain con- 
stantly throughout the run, the navigator must 
continually change the range portrayed on the 
scope to keep the target area on the outer 
third of the radarscope. The scope camera is 
usually set to photograph every other scan 
of the radarscope during the run. However, 
should the radar run be planned downwind, it 
may be necessary to photograph every scan 
to get the desired number of pictures. 


STRIKE PHOTOGRAPHY. Strike photography or 
initial bomb damage assessment (IBDA) is 
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photography taken of the radarscope during 
the actual bomb run. Primarily, the need for 
IBDA is to determine where the bomb exploded 
in relation to the designated ground zero 
(DGZ). This in turn will be the basis of de- 
ciding whether or not to send another mission 
to the same target. 


The Air Force uses extremely costly weapons 
— atomic and hydrogen bombs. They should 
not be wasted by bombing a target which has 
already been destroyed. Also the aircraft and 
the crew are of such value that they should not 
be risked unnecessarily. Therefore, radarscope 
photos are taken of the bomb burst and the 
target area. These photos are analyzed by photo- 
interpreters and intelligence personnel to deter- 
mine the effectiveness of the mission. Their 
decision from this evaluation will determine 
whether the target warrants a second attack. 


Specialized Reconnaissance 


The modern reconnaissance crew is constantly 
collecting as much information as possible con- 
cerning all phases of the mission. Reconnaissance 
is not limited to turning cameras on and off over 
selected points on the earth. Other informa- 
tion such as aircraft sighted, ships at sea, or 
any unusual activity on the ground or in the 
nir is recorded and reported to intelligence 
ottcers at the end of the mission. Not the least 
important of these visual sightings 1s weather. 
Sinee weather is a vital factor in the success- 
ful completion of any mission, good recon- 
naissance crews make a constant record of the 
weather during their entire flight. So great has 
the need become for complete information con- 
cerning the Weather aloft that weather recon- 
naissance crews have been assembled in high 
speed jet aircraft with speciahzed weather 
recording equipment for the sole purpose of 
reconnoitering the weather. Such a weather 
reconnaissince aircraft is the RB-47k. 


These aireraft are equipped with weather 
reconnaissance equipment that permits photo- 
eraphing and recording meteorological data as 
necessary. for conducting complete weather 
studies of the areas through whieh the aireratt 
operates. This equipment consists of a radio- 
sonde dispenser. radiosonde receptor, radio al- 
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timeter, a cloud formation camera, and a weather 
data monitoring camera which records the indi- 
cations of various navigation instruments in- 
stalled at the navigator’s stations. 


A radiosonde dispenser is an automatic pre- 
loaded chute that launches a radiosonde trans- 
mitter from the aircraft. This transmitter sends 
back to the weather aircraft a record of the 
temperature, humidity, and pressure informa- 
tion of the area beneath the aircraft which is 
automatically recorded on the radiosonde re- 
ceptor. It is almost exactly the reverse of the 
similar balloon-borne radiosonde. Cloud forma- 
tions ahead and beneath the aircraft are photo- 
graphed and all readings such as pressure alti- 
tude, absolute altitude, latitude and longitude, 
outside air temperature, and wind, as indicated 
on the bomb-nav system control, are photo- 
graphed simultaneously. The radarscope camera 
plays its part in weather reconnaissance by 
photographing radar echoes from cumuliform 
cloud formations, disclosing areas of thunder- 
storms or squall line activity. 


Navigation problems of the weather recon- 
naissance mission do not differ from those of 
any other type of mission. The navigator must 
steer his aircraft into the preplanned area, 
arriving at the time specified in his planning. 
He must know his exact position at all times 
to provide the most important aspect of any 
weather observation, which is “where the 
weather is’. In older weather ships, such as the 
weather modified B-50, he is relieved of much 
of the task of taking weather observations him- 
self, but on later aircraft, such as the RB-47K, 
he is both navigator and weather reconnais- 
sance equipment operator. 


Electronic Reconnaissance 


As the word ‘“‘countermeasure”’ implies, elec- 
tronic countermeasure techniques are employed 
to reduce the effectiveness of enemy radar, 
electronically controlled weapons, and com- 
munications. Electronic reconnaissance Is ac- 
complished normally by special aircraft called 
“ferrets”. These aircraft are equipped with 
special electronic equipment designed to find 
the location, purpose, and characteristics of 








enemy transmissions. Based on analysis of 
information obtained by the ferrets, proper 
countermeasure techniques can be developed 
and employed against enemy electronic installa- 
tions. | 


The success of the electronic reconnaissance 
mission depends a great deal on the accuracy 
of the navigation employed. The ECM opera- 
tor’s findings must be oriented to the position 
of the aircraft at the time the findings are 
recorded in order to permit intelligence agencies 
to locate geographically the source of the emis- 
sion. Obviously, the navigator must know the 
exact position of the aircraft at all times. In 
modern ferret aircraft, the navigator relies a 
great deal upon radar navigation; but, when 
deep in enemy territory, where adequate radar 
maps are not available, celestial navigation of 
the most exacting nature must be employed. 
In no other reconnaissance does the navigator 
have the responsibility for such accurate naviga- 
tion as that required in electronic reconnaissance. 


JET AIR REFUELING 


Air refueling is designed to provide extended 
range and, in some cases, to increase payload 
for receiver aircraft. Such a capability is ex- 
tremely important since it increases the opera- 
tional flexibility and combat potential of jet 
aircraft. This operation can only be accomplished 
by precise timing and effective rendezvous and 
refueling procedures, particularly under the 
high closure rates of jet aircraft. The navigator 
plays a very important role in the refueling 
operation. 


Often the rendezvous must be performed 
out of range of radar or visual geographical 
check points, and without the use of the usual 
radio navigational aids. The visual rendezvous, 
considering only the differential altitudes and 
airspeeds of the tanker and the receiver, is 
virtually impossible because of the difficulty 
in locating individual aircraft. Too, tactical 
considerations often require the refueling rendez- 
vous to be performed at night or during marginal 
weather conditions with visibility almost zero. 
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APN-69 control panel 


RENDEZVOUS EQUIPMENT 


Before discussing the general procedures in 
making good the rendezvous the equipment 
which provides mutual identification for both 
the tanker and receiver aircraft will be covered. 


APN-69 


The APN-69 is an airborne radar responder 
beacon. In response to an interrogating signal 
from a radar system, the beacon automatically 
transmits a coded rely from which the operator 
of the interrogating radar may identify the bea- 
con equipped aircraft and determine its range 
aud bearing. Components of the system are the 
R-T unit, control box, and antenna. 


The control box contains the necessary con- 
trols for the selection of the codes. Eight selector 
switches located on the control panel, as the 
illustration shows, are used to establish the 
desired code response of the beacon system. 
The switches are spring loaded knobs that are 
pulled outward and then lifted upward to the 
ON position or downward to the OFF position. 
Transmission of a code element occurs only 
when the corresponding switch is in the up 


13-37 


awe 
? ve tm ea 
a nee Se 





AFM 51-40 VOL Il 15 APRIL 1960 


1. TAKE-OFF SAME BASE 
2. RECEIVER T.O. FIRST 
3. 1 MINUTE INTERVAL 


RDE POINT 





4. TANKER STATION-KEEPING 
ON RECEIVER 

5. SEPARATION NOT TO EXCEED 
2NM AND 2000’ 

6. RCVR AHEAD AND HIGH 


KC-135 — Buddy rendezvous and refueling 


position. A common code selector which corre- 
sponds to the first code element is stationary. 
This first code element is common to all code 
combinations. 


If the code selected is 2-2-1, the first switch 
(which is stationary in the up position), and 
the second switch is placed in the up position 
to represent the first number 2. The third 
switch is pulled out and placed in the down 
position. The fourth and fifth switches are 
placed in the up position to represent the second 
number in the code, 2. The sixth switch is 
placed in the OFF position. The seventh switch 
is placed in the up position to represent the 
number 1 in the code, and the last switch is 
placed in the down position. In this manner 
the APN-69 enables the navigator to set up 
a multiplicity of codes. 


The master power switch has three positions; 
OFF, STDBY, and OPERATE. The equip- 
ment is allowed to warm up in the standby 
position for at least 8 mimutes before turning 
the switch to the operate position. A light in 
the top center of the control panel comes on 
when the transmitter is ready for automatic 
operation. 


A headset jack is provided for aural monitor- 
ing of the coded transmissions. On some air- 
craft it is not necessary to use the jack since 
the signal can be received through the normal 
interphone system by positioning a selector 
switch. 
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The volume control on the APN-69 panel 
adjusts the audio level of the beacon trans- 
mission while listening through the interphone 
system. The APN-69 has a range of approxi- 
mately 300-350 nautical miles. See Volume III 
of AFM 51-40 for further operating instructions. 


Using the ARN-6 Radio Compass 
For Rendezvous Homing 


Twenty minutes before the bomber’s ETA 
to the tanker’s orbit point, the tanker trans- 
mits continuously an identifying signal followed 
by a 20-second tone on the low frequency trans- 
mitter. By tuning the radio compass (ARN-6) 
to the predesignated frequency, the bomber can 
determine the heading to fly in order to “home” 
on the tanker and effect a rendezvous. Ex- 
treme caution must be taken, however, in using 
the radio compass in the rendezvous. This 
technique is very unreliable and should be used 
only as a last resort. 


Rendezvous Procedures 


The equipment designed to assist in the ren- 
dezvous is necessary for the successful solution 
of the problem, but the rendezvous goes further 
than merely equipment considerations. Exact 
procedures must be employed to insure that the 
rendezvous will be successful. In line with differ- 
ent tactical requirements, several methods or 
types of rendezvous have been developed for 
jet tanker and jet receiver aircraft. The three 
methods to be discussed here are the buddy 

















rendezvous, point rendezvous, and head-on 
rendezvous. 


Buddy Rendezvous 


The buddy rendezvous is the more simple of 
the three types. It is normally used when the 
tanker and bomber takeoff from the same base 
and electronic or visual contact is maintained 
until fuel transfer is completed. Normally, the 
bomber will lead with the tanker maintaining 
buddy position by station-keeping (see radar 
chapter). The buddy tanker will be behind and 
below the assigned receiver, as shown in the 
accompanying sketch, with the receiver’s alti- 
tude and speed as determined from the applic- 
able flight handbook, being the determining 
factor. Upon arrival at the briefed rendezvous 
point, the tanker will accelerate and pull ahead 
of the receiver(s), maintaining present alti- 
tude. Receivers will descend and close visually 
for refueling, maintaining radar monitoring. 
This procedure employs both electronic and 
visual methods of rendezvous positioning to 
insure contact and transfer of fuel. This pro- 
cedure can be adapted to refueling of multiple 
recelvers. 


Point Rendezvous 


The point rendezvous is the primary tech- 
nique for single tanker-receiver when buddy 
rendezvous procedures cannot be employed. 
It is arendezvous normally used when the tanker 
arrives in the refueling area before the receiver 
and a tanker orbit is planned. Orbit points are 
selected so as to provide positive radar fixing 
where possible. The tanker will orbit over the 
designated orbit point in a race track pattern 
to the left and perpendicular to the receiver’s 
refueling track as the related sketch shows. 
Tanker orbit altitude will normally be base 
altitude, but in all cases at least 2,000 feet 
below the assigned receiver's optimum altitude. 


The APN-69 rendezvous beacon will be used 
to determine tanker-receiver separation range. 
Receiver aircraft will begin descent from cruise 
altitude, 2,500 feet per minute, 80 nautical miles 
prior to tanker orbit point to an altitude 1,000 
feet below the assigned refueling altitude. The 
receiver will maintain a constant track through- 
out the rendezvous problem so that the re- 
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ceiver’s track bisects the tanker maneuver 
pattern. The receiver aircraft will “count 
down’ forward separation range in one-mile 
increments from 50 nautical miles to 40 nau- 
tical miles to prepare the tanker for his departure 
from the orbit pattern. The tanker will announce 
the departure time from the orbit and will fly 
an “S’’ pattern down the refueling track as illus- 
trated. 


When receiver aircraft are not equipped to 
permit direct communication between receiver 
navigator and tanker, close crew coordination 
is mandatory since timing is critical. These 
procedures can be adopted to accommodate 
refueling of more than one jet receiver with one 
jet tanker. 


Head-on Rendezvous 


Since operational requirements may dictate 
approach of receiver and tanker aircraft to the 
refueling area from opposite directions, a head- 


13-39 





AFM 51-40 VOL fl 15 APRIL 1960 


RECEIVER 
INTENDED TRACK 


ocak eit lace se cs ORBIT POINT OR 
EMERGENCY 
| RENDEZVOUS POINT 

2 MIN 

TURN 1. TANKER DEPARTS ORBIT 


| WHEN RECEIVER IS 
40 NM AWAY 


2. ONE MINUTE LEGS 
2 MINUTE 180° TURNS 





6 NM 
o~ 


H 
i 
| 
‘ 
4 
i 
| 


KC-135 


TRACK WHEN RECEIVER 


3. ROLL OUT ON REFUELING 
Y RANGE IS 6 NM 


Point rendezvous 


on rendezvous may be effected. When employ- 
ing this method, departure points and con- 
trolled departure times will be used for both 
tanker and receiver. The tanker will establish 
a track from the assigned departure point to 
the receiver departure point with an altitude 
2,000 feet below receiver altitude. When the 
receiver positively identifies the tanker’s APN-69 
beacon signal the radar navigator will insure 
that the receiver is on a collision course with 
the tanker, as shown in the associated sketch. 
The receiver will offset the receiver track 10 
nautical miles to the right. When the separation 
is reduced to 25 nautical miles, the tanker will 
immediately execute a 180° turn to the left to 


13-40 


the refueling heading. The receiver will close 


in, using electronic rendezvous aids until visual 
contact is made. 


In the event malfunctioning communications 
and/or electronic rendezvous equipment pre- 
cludes the use of normal rendezvous procedures, 
emergency may be attempted by homing on the 
ARA-25 transmission by the tanker aircraft. 


SEARCH OPERATIONS 


As a rated member of the Air Force there is 
every possibility that sometime in your career 
you, as a navigator, will participate in an over- 
water search for a downed aircraft. Air Rescue 
Service (ARS) makes it a practice (in event of 
an overwater disaster, which requires covering 
a large area) to request the aid of any available 
Air Force agency. In addition, the Air Rescue 
Service often diverts aircraft flying through the 
area to the scene of the incident. When sufficient 
search aircraft are not available, aircraft regu- 
larly flying the route in either direction may be 
assigned a track to search. 


When an aircraft is reported overdue or 
reasonable certainty exists that it is lost or 
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missing, a definite plan of action must be taken 
to find it. Just dispatching aircraft to “look” 
for it is not enough; search operations which 
involve the saving of lives cannot afford wasted 
efforts. Where is it? To answer this question 
the search areas must be classified according to 
the probability of locating survivors therein. 
This plan must be formulated as quickly as 
possible, and it cannot include any loopholes. 


Search Area Classification 


PRIMARY AREAS. Primary areas of search are 
those in which the missing target is most prob- 
ably located. The maximum effort is given to 
searching the primary areas as quickly and as 
thoroughly as possible. There are several fac- 
tors which must be considered in determining 
the primary search area: 


Proposed route of missing aircraft. The pro- 
posed route of a missing aircraft, from last known 
position to the intended destination, is the pri- 
mary area when all other information as to its 
whereabouts is lacking. This area is established 
under the assumption that the aircraft is down 
on, or immediately adjacent to, its proposed 
route. If regular position reports were trans- 
mitted, the primary area will be between the 
last reported position and the point at which 
the next position should have been made. If 
uncertain as to what route was to be flown (air- 
ways, direct, great circle, or pressure pattern), 
the personnel conducting the search should con- 
sider the feasibility of searching more than one 
route. 


In-flight reports. When the distressed crew or 
a witnessing aircraft has had sufficient time be- 
fore a crash landing, ditching, or bailout, to 
alert ground facilities of an impending emer- 
gency, the search may be concentrated in a 
small area. Reports of position in such cases 
must be carefully evaluated and crosschecked 
for accuracy, and search areas should be planned 
to allow for small errors. 


Radar fixes. If the flight of the missing air- 
craft was monitored by ground radar its posi- 
tion should be known very accurately. However, 
ground radar positions can be misleading if 
not properly analyzed. The reported crash posi- 
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tion of a distressed aircraft may be erroneously 
plotted if it flies beyond radar range, descends 
below minimum radar scanning altitude, or 
flies behind line-of-sight obstructions such as 
mountains and hills. The aircraft dispatched 
to search the last radar position of a distressed 
aircraft should crosscheck the position, or be 
vectored to the proper position by the appro- 
priate radar facility. If the missing aircraft is 
not located, the track should be extended and 
the search should continue in the last known 
direction of the aircraft’s flight. 


Radio bearings and fixes. It is possible that 
the distressed aircraft had contact with a direc- 
tion finding station before the last reported 
position. Radio bearings and fixes on a dis- 
tressed aircraft will greatly assist the search 
operations provided that the mission command- 
er is familiar with the radio direction finding 
characteristics, as follows: 


1. Radio bearings are given as magnetic 
bearings from the direction finding facility. 


2. Direction finding stations designate bear- 
ings according to their estimate of. accuracy 
as follows: 


Class Accuracy Estimate 
A + 2 degrees 
B + 5 degrees 
C +10 degrees 


Bearings in excess of +10 degrees will be so 
designated by the DF station. 


3. Radio fixes are also classified by the radio 
stations by an estimate of their accuracy: 


Class Accuracy Estimate 


A 5 miles 
B 20 miles 
C 50 miles 


Fixes in excess of 50 miles are so designated 
by the D/F station. 


Ground observer reports. In many situations, 
distressed or missing aircraft may have been 
seen or heard by persons on the ground. Reports 
from such sources, if valid, will greatly assist 
the mission commander in concentrating the 
search in areas of very high probability. The re- 
liability of some of these reports may be ques- 
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tionable; nevertheless, all reports should be 
investigated until proven false. Search opera- 
tions should not be suspended in an area of high 
probability to provide search in other areas, 
based on ground observer reports, until these 
reports have been investigated and determined 
to be reliable. 


Mountainous terrain. Mountainous or hilly 
terrain on or immediately adjacent to an air- 
craft’s proposed route can be hazardous to 
flight under normal conditions and extremely 
hazardous when combined with any one or a 
combination of the following: 


1. Low ceilings, restricted visibility, high 
winds, turbulence, or icing. 


2. Incidents involving light aircraft. 


3. Incidents involving pilots with limited 
experience. 


Certain mountain peaks and ridges have a 
very high aircraft accident potential because of 
their proximity to flight routes, and the re- 
curring presence of peculiar weather conditions. 
As can be noted from crash locator maps, there 
is a concentration of aircraft crashes in such 
areas, and it may be very probable that a cur- 
rently missing aircraft will be found in the 
same area. 


Weather data. A large portion of aircraft acci- 
dents can be attributed directly or indirectly 
to adverse weather conditions. Mission com- 
manders must thoroughly evaluate all factors 
of weather at the time of the missing aircraft’s 
flight, as any one factor may provide the clue 
to the aircrew’s action, either intentional or 
otherwise. The general area weather situation 
should be analyzed, followed by a study of the 
station weather reports and forecasts from point 
of departure to destination and alternate. 


POMAR (position operational meteorological 
aircraft report) received at the time of the 
incident, or interviews with other crews that 
flew the same route shortly before, after, or 
during the time of the missing aircraft’s flight, 
should be analyzed to obtain an insight into 
the actual weather conditions. Aircrews flying 
the same route should also be queried as to 
having visual or aural contact with the missing 
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aircraft, to determine if there were any deficien- 
cies In ground navigational aids, and whether 
any great change in the forecast weather was 
experienced along the route. 


The general weather conditions which affect 
the safety of flight must be evaluated; namely, 
severe weather areas, thunderstorms, frontal 
activity, areas of rapid pressure changes, low 
ceilings and visibilities, icing conditions, un- 
predicted or high velocity winds, turbulence, 
precipitation, and atmospheric static affecting 
airborne communications equipment. 


A good technique for evaluating all the 
weather data which is received from the avail- 
able sources is to plot this information on a 
weather chart. In this manner, the weather data 
may be more readily correlated with the route 
and the terrain. 


Sightings. Areas in which sightings of air- 
craft wreckage, oil slicks, or signs of survivors 
are reported are areas of very high probability 
until proved that the sightings have no connec- 
tions with the missing aircraft. Aircraft wreck- 
ages which cannot be readily identified as the 
missing aircraft should be thoroughly investi- 
gated, their positions carefully plotted, and 
crosschecked with a crash locator file. All sight- 
ings should be plotted at the operations center 
to correlate their positions with other sightings, 
ground observer reports, and other information 
indicating areas of high probability. Plottings 
of sightings are used to expedite identification 
on subsequent reports of the same object. 


Secondary areas. Secondary areas are those in 
which search is expanded from primary areas to 
allow for slight errors in navigation, reported 
positions, and estimated location of the search 
target. 


Reasonable areas. Reasonable areas are those 
to which the search is expanded from the primary 
and secondary areas. These areas are based on 
the assumption that the missing aircraft de- 
viated considerably from its proposed route. 
They are determined by logical reasoning and 
by forming one or more hypotheses as to what 
may have happened. A few of the more preva- 
lent hypotheses that may be considered are: 














Deviation from the proposed route because of 
weather. Depending upon the seriousness and 
extent of the weather encountered, most pilots 
will circumnavigate potentially hazardous con- 
ditions. A situation often encountered is when 
a pilot with little or no weather flying experience 
continues the flight with visual reference to 
the ground under IFR flight conditions. 


Deviation from the proposed route because 
of high or hazardous terrain. It is common 
procedure for pilots to circumnavigate high 
mountain peaks, large bodies of water, swamps, 
and other areas which have limited navigational 
aids and emergency landing areas. Pilots fly- 
ing VFR through mountainous terrain during 
low ceilings and visibilities will normally follow 
a course over the lowest terrain. 


Deviation from the proposed route because 
of inflight difficulty. It is assumed that pilots 
in difficulty will change course to reach the 
closest air field or most suitable area for crash 
landing, ditching, or bailout. If in mountainous 
areas, courses normally will be changed to take 
advantage of the lower terrain. 


Deviation from the proposed route to take 
advantage of short cuts. Often pilots proposing 
flight over rovtes containing dog-legs will cut 
across such dog-legs to save time. There are 
many instances where such short cuts have led 
to disaster. 


Deviation from proposed route because of 
mistaken interpretation or identity of navi- 
gational aids. This includes flying the wrong 
radio range leg, loran LOP, and so forth. 


Deviation from the proposed route based 
on pilot’s experience. This factor should be 
carefully weighed as to its applicability to all 
other factors in the search operation. The scope 
of this factor will include determining the num- 
ber of flying hours, experience in the aircraft, 
knowledge of the route being flown, and any 
personal habits which indicate the pilot’s ac- 
tions in an emergency. An excellent source of 
this data is the operating agency of the air- 
craft, either civilian or military, which can also 
supply data as to the condition of the aircraft, 
navigation equipment, and the current SOPs 
in event of an inflight emergency. Qualification 
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and experience of the other crew members, 
such as the navigator and the radio operator, 
should also be considered. 


Areas of possibility. The last area which the 
search operations planner should consider 1s 
all that area in which the aircraft could have 
flown based on its last known position, direc- 
tion and velocity of the wind, estimated air- 
speed, and the amount of fuel remaining. The 
practicability of extending search over the entire 
area of possibility must be dictated by the areas 
to be searched, the number of available search 
aircraft, and the time to be expended on the 
search. Normally, it will be impracticable to 
search the entire area of possibility for long range 
aircraft, and search will have to be concentrated 
in primary, secondary, and reasonable areas. 
The size and shape of the area of possibility 
is determined as follows: 


1. Draw a wind vector from the last known 
position (LKP) equivalent to the direction and 
velocity of the wind, multiplied by the time of 
remaining fuel. If the wind is from 300 degrees 
at 22 knots and the remaining fuel is 1:30 
hours, multiply 22 by 1.5 and plot the length 
of the wind vector in the direction of 300° 
true from the last known position. If there are 
several winds that may have affected the missing 
aircraft, compute the vector for each and plot 
all of them from the same LKP. 


2. After the wind vectors have been plotted, 
draw a radius in miles from the end of each wind 
vector equal to the estimated true airspeed 
multiplied by the time of the fuel remining. If 
the estimated true airspeed is 180 knots, multi- 
ply 180 by 1.5. The resulting circles will indi- 
cate the maximum area of possibility. 


Navigating the Search Mission 


Thus far the planning of the search mission 
has dealt solely with the question: ‘‘Where is 
he?”’. Now that the areas of highest and lowest 
relative probabilities have been defined, the 
next step is to find the distressed aircraft. There 
are other factors which will govern the type of 
search pattern to be employed and the methods 
used in searching the proposed area. 


13-43 





AFM 51-40 VOL Il 15 APRIL 1960 


Time. Positive and immediate action is re- 
quired for the success of any search operation. 
Time is of the utmost importance and any de- 
lay or misdirected action will greatly diminish 
the chance of locating a search objective. 


Daytime is the most effective time for search, 
and for this reason, search operations are planned 
for the maximum utilization of available day- 
light hours. Night searches, however, are feasi- 
ble and highly successful when survivors are 
capable of signaling or when the type and size 
of search objective is such that it provides a 
suitable radar target. Night searches are utilized 
primarily over water and occasionally over 
sparsely populated or unpopulated land areas. 


Number and characteristics of search aircraft. 
The number and range of the search aircraft 
determine the size of the area which can be 
effectively searched. If more than one type of 
aircraft is to be used, it is obvious that those 
with the greater range will be assigned to the 
extremities of the area, while the smaller type 
aircraft will be assigned to the mountainous 
areas because of their maneuverability. 


The efficiency of the search is affected by the 
groundspeed of the aircraft. As the aircraft 
moves across the search area, new portions of the 
area are continually being exposed to scanning, 
and there is a continual replacement of the pic- 
ture before the scanner’s eyes. As the speed of 
the search aircraft increases, visual acuity and 
scanning efficiency decreases. Often, during 
searches at sea, the number of sightings increase 
almost directly with the length of time spent 
on the mission. Most of these sightings are 
quickly proven to be optical illusions. As a 
general rule, the search speed should be as slow 
as the flight conditions and search assignments 
permit. 


Size and location of search area. The distance 
from the base of operations to the general search 
area is also an important factor in determining 
the type of search pattern to be used. The size 
of the area has a direct bearing on the number 
of search aircraft and the time required for 
searching and researching the area. 


Search altitude and visibility. Visibility in the 
search area is governed by weather conditions 
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and hindrances to visibility such as glare 
and/or natural camouflage of surrounding water, 
land, snow, trees, rocks, and the like. In addi- 
tion, the altitude of the search aircraft and the 
size of the objective affect the sighting of it. 
The latter determines the altitude of the search 
aircraft since the sighting distance increases 
with an increase in altitude. It is not possible 
to take advantage of this fact when a search is 
made for a small object, since it cannot be seen 
ordinarily unless the search aircraft is flying 
close to the surface. The following search alti- 
tudes are considered average optimums: 


Overwater Search (Day) 
500 feet — survivors without raft or dye 
marker 
1,000 feet — survivors with raft, no dye 
marker or signaling equipment 
2,000 feet — survivors with dye marker 
and/or other signaling equip- 
ment 
10,000 feet — surface vessels in clear weather 


Overwater Search (Night) 
1,000 feet — survivors with life vest and 
signaling equipment 
2,000 feet — survivors with life raft and 
signaling equipment 
10,000 feet — surface vessels in clear weather 


Overland Search (Day) 
800 feet — survivors or crashed aircraft 


Overland Search (Night) 
2,000 feet — survivors with signaling equip- 
ment 


Visibility factors used in searching. The V or 
visibility factor used in search formulas (to be 
discussed later) is not visibinity caused by sky 
conditions, but a predetermined factor selected 
for the type of object being searched for. Under 
conditions of hindering sea or sky factors, 
these values, which are given below, would neces- 
sarily be increased. 


Man in a Mae West — Yo mile 
Man in a small life raft — 3 mile 
Man in a wooded area — l6mile 
Crash in a wooded area — l6mile 


Crash in desert or on a plain — 2 miles 
Man in a desert or on a plain — 1 mile or less 


Search Patterns 


Search areas are laid out in various types of 
patterns to insure systematic and complete 
coverage. Effective search patterns must meet 
these two criteria: simplicity and complete 
coverage. 


This means that search aircraft must cover 
every mile of the area. The search pattern must 
not contain any “time loopholes’ which will 
allow a moving objective to escape detection 
by shifting its position from part of the area 
of intended search to another part of the area 
which has already been searched. Employment 
of single search aircraft on certain patterns are 
subject to this deficiency. Although it is possible 
to simplify calculations greatly by using air- 
plot, the pattern relative to the ground may be 
distorted and these “‘time loopholes’ may be 
opened in the search pattern. 


The tracks or search legs of searching aircraft 
on any type of search pattern should never be 
separated by more than twice the sighting dis- 
tance (visibility factor). Search legs may be 
spaced even closer than twice the sighting dis- 
tance to achieve a higher concentration and 
more effective search. Areas of primary proba- 
bility should receive a maximum concentrated 
coverage. This is accomplished by spacing search 
legs closer together, researching an area with 
search legs running at right angles to the legs 
of the first search, and by employing search 
aircraft at different altitudes in the same area 
if facilities and conditions permit. 


Navigation errors increase greatly when the 
search legs are complicated by many turns. 


Creeping search 
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A good search pattern should be designed to 
simplify and reduce the work. To this end, most 
search patterns are laid out in a series of straight 
lines. 


The direction of the search legs is important. 
It is based on the direction of movement of the 
objective, the position of the sun, the wind, the 
ocean currents, and so forth. If the direction of 
the search legs is unimportant in the absence 
of these factors, the calculations can be simpli- 
fied by planning the search so that each leg 
lies upwind, downwind, or crosswind. Then it 
will only be necessary to calculate the drift 
correction and groundspeed on one crosswind 
leg, since the groundspeed and drift on the 
reciprocal crosswind leg will be the same (al- 
though the drift correction is in the opposite 
direction). There will be no drift on the upwind 
and downwind legs and groundspeed will be 
the true airspeed plus or minus the wind velocity. 


Route search. The route search pattern is 
especially adaptable to searches for an objec- 
tive along air and oceanic routes as the length 
of the track to be covered is generally exten- 
sive. The pattern is used by single aircraft or 
by formations of search aircraft in covering a 
long, narrow area. When used by a formation 
of long range aircraft, it is referred to as a 
sweep search and enables uniform coverage of 
a large area in a short time. This 1s the simplest 
of search patterns because all it involves is 
searching along the intended route of the miss- 
ing object. 


Parallel search. The parallel search pattern is 
used over land or water when the distance of 
the area to be searched between two points is 
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of considerable size. It is especially effective 
if there is reason to believe that an objective is 
somewhere between two points and off its pro- 
posed route because of navigational errors, 
wind, and the like. When the approximate 
course of an objective is known, a parallel search 
with short legs running perpendicular to the 
course of the objective is used. This parallel 
pattern, as shown on page 13-45, is referred 
to as a “‘ladder’’ or “‘creeping’”’ search. 


The basic parallel pattern may be employed 
by single aircraft or by formations of aircraft. 
When performed by .a formation, a lead naviga- 
tor coordinates the navigation of all aircraft 
on headings to be flown and times between turns. 
This method assures that all search aircraft 
maintain their correct positions relative to 
each other. Another advantage of this method 
is that it gives uniform coverage and does not 
require a navigator on each of the search air- 
craft. 


Estimating distance over water is difficult. 
To insure that the distance between search legs 
is twice the sighting distance, 180° change of 
direction at the ends of parallel search legs 
should be accomplished through two 90 degree 
turns, rather than a constant rate 180° turn. 
When short distances between legs preclude 
using this procedure, constant rate turns of 180° 
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Parallel search by formation 


are necessary for accurate and complete cover- 
age. Notice in the sketch that all the aircraft 
make ‘the turns in the same direction. 


The parallel search pattern may take other 
froms such as returning to an alternate base. 
In this case, only one large area is searched, 
while the parallel search returning to the same 
base gives dual coverage over a smaller area. 


Radial search. When a number of aircraft 
participate in a search by searching bearing 
lines from the base, a radial search results, with 
each aircraft being assigned an adjacent sec- 
tor. The related illustration shows the radial 
search pattern. The radial search is effective 
for maximum coverage close to the base, but 
its effectiveness decreases as the sighting dis- 
tance increases from one aircraft to another. 


A double bank radial search may be used 
when longer range aircraft depart to begin their 
assignment of the search on the more distant 
radials from the same base. In cases where two 
types of aircraft are used, especially in daylight 
operation, the longer range aircraft may be dis- 
patched some time before daybreak in order to 
reach their assigned search area by daybreak. 


Y-type search. Where the area to be searched 
is a triangular form, such as a bay or inlet, the 
Y-type search pattern is effective. Note in the 
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diagram that the turn inside the ‘‘wedge’’ in- 
sures that no area will be missed. 


Expanding square search. When it is desired 
to locate an object whose approximate position 
is known, such as an aircraft forced down at 
sea, it 1s customary to proceed first to the most 
probable position and then, if the object is not 
sighted, to start a square search. 


The first leg of the square search is flown up- 
wind for a distance of 1.8 times the distance 
at which the object can be seen. This is done to 
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insure that no errors will cause the distance 
between the legs to increase over twice the sight- 
ing distance (visibility factor). A 90° turn is 
then made, usually to the left, and a second leg 
is flown, again for a distance of 1.8 times the 
visibility. Another 90° turn in the same direc- 
tion is made and a leg 3.6 times the visibility, 
or twice the distance of the first leg, is made. 
Succeedi.g legs are made in the same manner, 
legs five and six are three times the length of 
the first leg; legs seven and eight are four times 
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Expanding square search method 
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the length of the first leg and so on, as shown in 
the sketch. 


The first leg is flown upwind to simplify the 
solution. Since the aircraft is flying directly 
into the wind, the course and heading are the 
same and the groundspeed is the TAS less 
windspeed, which can be calculated mentally. 
Moreover, only one wind problem need be 
solved. As stated before, the crosswind legs 
would then need only reversal of the drift 
correction for course computations. 


In carrying out a square search, turns are 
usually made to the left. It is sometimes ex- 
pedient to depart from this rule. For instance, 
if the second leg would carry the aircraft back 
into an area already flown over, it is better to 
make the turns to the right. Moreover, when the 
search is for a small object, areas of low visibility 
should be searched first. Also, at dawn or dusk 
the visibility away from the sun is_ usually 
better than that toward it. All of the above 
calculations can be made during the first leg, 
and the attention of the navigator can be de- 
voted to observation of the surface. 


Flying the Search Mission 


Once the areas have been defined and the 
methods have been selected for searching, the 
crew must know what to look for. On water 
area searches, the first indication of the crash 
or ditching site, assuming the aircraft has sunk, 
is usually an oil slick which is visible for several 
miles. If the aircraft was torn apart on crashing 
or landing, the slick will possibly contain bits of 
floating debris such as oxygen bottles, luggage, 
or even empty life rafts which sometimes in- 
flate upon impact. 


Caution must be used in looking for oil slicks. 
Such areas are often misleading because there 
are several possible sources, other than oil, 
which cause slick areas. Passing vessels are one 
source, sperm whales another, and often pecu- 
liar surface wind patterns leave smooth patches 
of sea which resemble slicks but which fade 
and finally vanish. A true oil slick will remain 
for many hours and even days depending upon 
the conditions of the sea. 
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The proper utilization of personnel and equip- 
ment aboard the rescue aircraft is important 
toward sighting the survivors. Standard sur- 
vival equipment on a one-man dingy is a radar 
corner reflector. If the survivor has assembled 
the corner reflector, radar can pick him up be- 
fore human eyes have a chance. Consequently, 
radar proves especially useful in a search of 
this type. The corner reflector makes a drifting . 
raft visible as a return on a radarscope four to 
twelve miles away. The distance varies depend- 
ing upon the search radar equipment being used 
and on other variables, such as altitude, which 
affect radar operation. Even though radar 
visibility of life rafts without reflectors is not 
possible normally, a constant radar watch should 
be maintained. 


If the survivors have a Gibson girl, the radio 
man can play a key role in their rescue by guard- 
ing the 500 and 83864 ke frequencies. The Gib- 
son girl transmits on these frequencies, and the 
radio operator ean relay the information if 
he hears a signal. 


If the size of the crew and the number of 
passengers is large enough, it is a good idea to 
plan the search so that half of the available 
personnel are scanning while the other half 
are resting; then after a period of time, the 
groups should switch. When flying over an area 
populated with boats, it is a simple task to look 
at a fishing boat or larger craft and picture in 
the mind’s eye how large a one-man raft or how 
large a survivor in a Mae West will appear in 
comparison. The problem is much more com- 
plicated in an extended overwater search 
where few comparisons are available. Once a 
mental picture of the size of the target is gained, 
the scanner should concentrate his search on the 
general area below the aircraft and not on the 
distant horizon. 


The scanner who makes a sighting reports to 
the pilot, giving a bearing and an estimate of 
the distance of the survivors from the aircraft. 
The dock system, used to call out enemy fighters, 
is a good method to use. After the pilot has re- 
ceived the bearing and distance estimate to the 
survivors, he will fly a procedure turn to bring 
the aircraft over the reported position. When the 
survivors are sighted by the pilot, he alters 


course to fly directly over them. When the air- 
craft is directly over the survivors, some type 
of marker should be dropped. Rescue type air- 
craft are equipped with various types of markers 
to be used on such occasions, but a diverted 
craft is probably not. However, all crew mem- 
bers on overwater flights are equipped with 
Mae Wests that contain packages of sea marker 
dye which can be used for this purpose. Partially 
open the package of sea marker, as stated in 
the instructions printed on it, and have a crew 
member drop it at the appropriate spot. 


The second step is to switch the IFF set to 
the EMERGENCY position, and then after 
informing the controlling rescue aircraft of the 
findings, transmit homing signals on VHF or 
UHF as directed, for navigational assistance 
to Air Rescue Service. ARS aircraft are equipped 
to home on both VHF and UHF transmission. 
Remain on the scene until relieved, unless short- 
age of fuel forces earlier departure from the 
rescue area. 


When departing the area, mark it well with 
all available marker dye or any other method 
deemed suitable. If the survivors are without 
floatation aids, drop all available spare life 
rafts, rations, and any emergency communica- 
tion equipment. 


INTERCEPTION 


Interception in navigation may be defined as 
the simultaneous arrival of two objects at the 
same position. For the purposes of this text, it 
is the navigational procedure whereby an air- 
craft’s arrival can be planned simultaneously 
with the arrival of a moving surface vessel or 
another aircraft at a predetermined position. 


In preceding discussions, the motion of the 
aircraft has been considered with reference to 
fixed points on the earth’s surface. The aircraft 
leaves from a fixed point of departure and arrives 
at a fixed destination. Its progress may be 
measured with respect to either one of these 
fixed points. While the motion of an aircraft 
which departs from a fixed point is relative mo- 
tion with respect to that point, in the intercep- 
tion problem relative motion refers to the 
movement of an aircraft with respect to another 
moving object. 
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Relative Motion Between Moving Objects 


Consider the two aircraft, A and B, in the 
related sketch, departing from a common point 
at the same time. A is making good a course of 
360°, and B, a course of 045°. Assume that A’s 
speed is 90 knots and B’s is 150 knots. The 
instant the aircraft depart from the common 
point, relative motion exist between them. At 
the end of 10 minutes, A and B are respectively 
15 and 25 nautical miles from departure. The 
direction that B has traveled with respect to A 
is expressed as an angle at A measured clock- 
wise from true north to a line joining the 10- 
minute positions of the two aireraft (076°). 
Similarly, the direction of relative motion of A 
with respect to B is the angle at B measured 
clockwise from true north to this line (256°). 
Distance of relative motion is the term applied 
to the length (d) between the two aircraft. 


At the end of 20 minutes A and B will have 
traveled 30 and 50 nautical miles respectively 
from departure. By the geometry of similar 
triangles, it is evident that the direction of 
relative motion of each aircraft with respect to 
the other has not changed and that the distance 
of relative motion has doubled. If A and B 
continue .o make good courses of 360° and 045° 
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and do not change groundspeed, the direction 
of relative motion will remain constant and the 
distance of relative motion will increase by the 
same amount during each equal period of time. 
The rate at which the distance between the two 
aircraft is increased is termed the rate of open- 
ing or the rate of departure. 


This is an illustration of the constant bear- 
ing principle of relative motion which may 
be summarized as follows: The direction and 
speed of relative motion between two objects 
which move on diverging courses from a common 
point will remain constant as long as they main- 
tain constant courses and speeds. The corollary 
of this principle, which underlies the solution 
of the interception problem, states that when- 
ever two objects maintaining constant courses 












NORTH 


and speeds are moving in such a manner that 
they will arrive at a common point at the same 
time, the direction and speed of relative motion 
of one object with respect to the other will 
remain constant. In order to visualize this 
principle, consider the aircraft in the sketch as 
turned around so that they are heading back to 
the starting point. If the aircraft maintain con- 
stant courses and headings, they will arrive 
over the starting point at the same time. 


For example, at 0800 an aircraft whose speed 
is 160 knots sets a course of 130° to intercept 
a destroyer moving on a course of 090° at a 
speed of 40 knots. At 0900 and 1000 the aircraft 
and the destroyer are at the position shown in 
the illustration. Interception occurs at 1100. 
The direction of the ship from the aircraft at 
0800 is 141°, and the distance between them is 
396 nm. At 0900 and again at 1100 the direction 
or relative motion of the aircraft with respect 
to the destroyer is still 141° and the distance 
has decreased at a constant rate of 132 knots. 
The rate at which the aircraft closes the original 
distance between it and the destroyer is called 
the rate of closure. Given the conditions in the 
illustration, any course other than 130° would 
effect interception of the destroyer’s track at a 
point ahead or behind the vessel itself. For-in- 
stance, if a course less than 130°, say 111°, 
was taken up at 0800, the aircraft would have 


Rate of closure 





crossed the ship’s track ahead of the destroyer. 
And if a course greater than 180°, say 145°, 
had been flown, the aircraft would have been 
behind the destroyer at the time of crossing its 
track. In both of these cases the line of bearing 
between the aircraft and ship constantly changed 
direction. 


Determining Course to Intercept 


The interception problem is the determina- 
tion of the course which will enable an aircraft 
to arrive simultaneously at a position with 
another moving target. As already shown, inter- 
ception will occur only if a constant bearing is 
maintained between the aircraft and the target. 
Thus, the problem is resolved into a calculation 
of the course which will maintain such a con- 
stant bearing. This computation, especially 
with two high speed objects, is usually accom- 
plished on a chart. 


The bearing which must be maintained 
throughout interception is that which exists 
between the aircraft and the target at the time 
the course to intercept is taken up. The line 
drawn between the aircraft and the target at 
the desired time to begin interception is called 
the line of constant bearing and forms the start- 
ing point of the problem. 


There are five factors which the navigator 
must know in order to solve the interception 
problem: (1) target’s course, (2) target’s speed, 
(8) target’s position, (4) the wind, and (5) 
the true airspeed. The steps in the solution of 
the interception problem-are better understood 
by reference to the diagram representing a 
typical interception which occurs more than one 
hour after the start of the problem. 


The line AB represents the course (330°) 
of an aircraft which is located at A at 0800. 
Its groundspeed is 198 knots. The position of the 
interceptor at 0800 is at point C. The wind 
velocity is 100°/30k and the TAS of the inter- 
ceptor is 180 knots. With this data the prob- 
lem is solved as follows: 


1. The problem must begin with a common 
time for both aircraft. Since the navigator of the 
interceptor aircraft must know the _ proper 
heading to make good the interception before 
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this common time is reached, he must DR ahead 
to determine this position (C). A line is drawn 
connecting the two aircraft. This is the line 
of constant bearvng (LCB) and is shown by the 
line AC. 


2. The interception problem is worked on 
an hourly basis in this case. It may be worked 
in any increment of time, although an hour, 
two hours, or one-half hour increments are more 
frequently used. The target’s position is deter- 
mined for 0900, one hour later. A parallel line 
of constant bearing is drawn for 0900 so that it 
intersects the target’s course at D. 


3. Draw in the wind vector for one hour so 
that the tail of the vector lies on the initial 
DR position of the interceptor, point C. 


4. Using the true airspeed as a radius, scribe 
an are from the end of the wind vector, point E, 
intersecting the parallel line of bearing at 
point F. 


5. Draw a line from point C through point F, 
intersecting the target’s course at point I. 
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Interception problem 
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The interception diagram is now complete. 
The triangle CEF is the familiar wind triangle. 
Since the triangle is drawn on an hourly basis, 
the point F represents the one hour or 0900 
position of the interceptor. The bearing between 
the two aircraft at 0800 has not changed at 
0900; therefore, F must lie on the course to 
intercept. From the interception diagram, the 
following data can be determined: 


1. Course to intercept, represented in the 
diagram by the line CFI =012°. 


2. Groundspeed to intercept, represented by 
the length of CF =177 knots. 


3. True heading to intercept, EF =022°. 


4. Distance to intercept, the length of CFI = 
280 nm. 


5. Time to intercept, found by using the 
groundspeed of the interceptor versus the dis- 
tance to fly along the true course = 1:35. 






ACTUAL 


\ 
POSITION \ ACTUAL 


4, POSITION 


INTERCEPTION 


Target alters course during interception 
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6. Time of interception =0800+1:35 =0935. 


7. If the interception diagram has been drawn 
on a chart, point I represents the coordinates 
of the interception. 


There are two other ways by which the time 
of interception may be determined: 


1. The distance traveled by the target during 
the interception, divided by the speed of the 
target, results in the time to interception. This 
method is as accurate as using the interceptor’s 
track and groundspeed. In this case, the tar- 
get’s speed is 198 knots with 313 miles to go 
= Sp. 


2. The rate of closure method is used more 
often because of its greater accuracy. The dis- 
tance, 220 miles, between the aircraft at the 
initial time (0800), represented by the line CA, 
is the distance to close during interception. At 
the end of one hour, the remaining distance 
to close is the line FD, 79 miles in length. 
The difference between the initial distance to 
close and the distance to close at the end of one 
hour represents the rate of closure. The distance 
to close at the time of beginning interception 
divided by the rate of closure will give the time 
to intercept. In the diagram, the rate of closure 
is 140 knots. When the distance to close is 
divided by the rate of closure, the time to inter- 
cept, 1:35, is the result. 


Sometimes a situation arises where the target 
will alter course while the interception is taking 
place. This difficulty is solved by extending a 
reciprocal of the target’s latest course through 
the position where it altered course. This gives 
a theoretical line on which the target could 
have been and still arrive at its present position 
in the given time. The position on the reciprocal 
course at which the target according to this 
assumption, would have been at the beginning 
of interception is established as the simu- 
lated position of the target. In the accom- 
panying illustration, the first line of constant 
bearing is drawn between the interceptor and 
this position. Thereafter, the problem is solved 
in the usual manner. 


If the target altered course during the inter- 
ception without the interceptor being informed, 


























the problem must be reworked using the later 
position and course of the target. 


In most interceptions, no attempt is made to 
determine the course which will bring the inter- 
ceptor directly over the target, since erroneous 
reports of the target’s position, mistaken esti- 
mates of its speed, and navigational errors by 
the interceptor make exact interception al- 
most impossible. Therefore, in tactical problems 
the interceptor allows for errors by setting a 
course which will intercept. 


Direct Intercept 


The direct intercept is the most common type 
used by Air Rescue Service. The reason being 
that most air rescue units are located near 
coastal areas on routes used for overwater 
flights. The intercept then becomes a matter of 
flying out on the distressed aircraft’s true course 
until the intercept is completed. 


The intercept problem is solved simply by 
dividing the distance separating the rescue air- 
craft and the distressed aircraft by the rate of 
closure. The rate of closure is determined by 
combining the ground speeds of both aircraft. 


Sample Problem: 


GS of ARS aircraft — 150k 
GS of distressed aircraft — 200k 
Distance between aircraft — 700nm 
700 
Ti = ———_—_ =? 
ime to intercept 150 +250 hours 


Maximum Rescue Coverage (Direct Intercept) 


It is the desire of Air Rescue Service to provide 
maximum rescue coverage while in the process 
of escorting distressed aircraft during a direct 
interception. It is impossible to provide con- 
tinuous escort when the groundspeed of the dis- 
tressed aircraft is in excess of the rescue air- 
craft. This is quite evident in the case of jets 
or fast four-engined aircraft. 


To overcome this problem, Air Rescue Service 
has devised a formula whereby maximum cover- 
age is provided by the slower rescue aircraft 


turning short of the distressed aircraft and: 


heading for the airfield. The distressed aircraft 
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will overtake the rescue aircraft on its way back 
to the base, thereby assuring maximum cov- 
erage. 


Formula: Z=d X VA, X (VB— VAz) 
(VA, +VB) (VB) (VA, +2VA+ VB) 


where: Z X60 =minutes to turn ahead of inter- 
cept point 
d =total distance of intercept 
VA: =groundspeed out of rescue air- 


craft 

VA. =groundspeed back of rescue air- 
craft 

VB=groundspeed of distressed air- 
craft 


Sample Problem: 


Given: 
d=800 nm 
VA, = 140k 
VA>= 160k 
VB =260k 


Find: time of intercept point. 
time to turn short 
800nm 


1404260 =2 
hours 


Time to intercept point = 


_ 800 x 140 x (260 — 160) 
~ (140+260) (260) (160+2(140) + 
260) 


11,200,000 
on 72,800,000 — oa 


ZX60=9.24 mins=time to. turn 
short of intercept point. 


If the rescue aircraft departed its base at 
1300 it would turn short of the intercept point 
by 9 minutes or at 1451. The ETA to the base 
of the rescue aircraft would be 1628 and the 
ETA of the distressed aircraft would be 1605. 


Aids to Interception 


Communications and electronics equipment, 
together with various interception techniques, 
afford highly effective assistance and shortcuts 
to the basic interception problem. They are 
valuable aids in determining the navigational 
accuracy of the interceptor aircraft and the 
target aircraft. 
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All available navigational aids should be 
used throughout interception with the ultimate 
aim of visual interception, weather permitting. 
Visual interception of an aircraft is conducted 
with the intercepting aircraft flying at an alti- 
tude of 500 feet below the aircraft being inter- 
cepted. This silhouettes the objective against 
the sky. Radar interception of an aircraft re- 
quires the intercepting aircraft to fly at an 
altitude of 1,000 feet below the objective. Visual 
interception at night or during times of restricted 
visibility is greatly assisted by signaling with 
lights or pyrotechnic flares. 


Voice contact with the aircraft being inter- 
cepted is highly desirable during any intercep- 
tion, and mandatory for successful interception 
when the aircraft’s position is questionable, 
when navigational errors exist, or when weather 
restricts visibility. Voice contact with the ob- 
jective aircraft may permit a check of its posi- 
tion or bearing by utilization of loran, consol, 
radio ranges, and direction finding data. 


Lost Aircraft Procedures 

The position of a lost aircraft can be found 
by taking radio bearing on it if radio contact 
can be established. 

The intercepting aircraft takes either a UHF 


or VHF bearing on the lost aircraft while over 
a known position. The interceptor then flies 





SHIPS COURSE 200 


SHIPS 
SPEED 24K 


TRUE AIRSPEED 180K 


to one or more other positions and takes bear- 
ings. The bearings are plotted from the positions 
where they were taken. They should intersect 
at the location of the lost aircraft. 


Be sure to instruct the lost aircraft to orbit 
his position while efforts are being.made to find 
him. 

Radio aids assist in intercepts and finding lost 
aircraft. Air Rescue Service aircraft have IFF 
interrogators installed. These interrogators can 
detect IFF signals at ranges over 200 miles. 
Bearings are indicated as left or right of the 
rescue aircraft. These aircraft also have the 
capability of setting up a radio frequency on 
their liaison transmitters which can be used 
for homing by distressed aircraft. 


Computer Solution of Intercept Problem 


When the interception involves a slow moy- 
ing object such as a surface vessel, the problem 
is solved more easily on the wind side of the DR 
computer. The procedure is as follows: 


Given: W/V =100°/32k 
Ship’s course = 200° true 
Ship’s speed = 24k 
Line of constant bearing = 171° 
Distance to close = 94 miles (along the 
LCB) 
True airspeed of interceptor = 180k 






TRUE HEADING 
TO INTERCEPT 165 


Oo 
4 
> "te 


DRIFT 10° R 


SSS Ost oy oct 
RATE OF CLOSURE ]48K ae GROUNDSPEED 170K 


DR computer 


13-54 














PROCEDURE: 


1. Place the rectangular grid under the trans- 
parent disk. 


2. Set the wind direction (100°) under the 
true index. 


3. Draw the wind vector down from the 
grommet (82k). 


4. Rotate the compass rose until the ship’s 
course (200°) is under the true index. 


5. Move the slide until the top line of the 
rectangular grid is on the head of the wind vec- 
tor as in the illustration. Then from the head 
of the wind vector draw a line down, parallel 
to the grid lines, and equal in length to the 
ship’s speed (24k). Label this point ‘‘S’’. 


6. Rotate the compass rose until the line of 
constant bearing is under the true index. 


7. At the end of the ship’s arrow (point S) 
draw a line parallel to the vertical grid. 


8. Reverse the slide to place the circular 
grid under the transparent disk, with the true 
airspeed (180k) under the grommet. 


9. Rotate the compass rose until the vertical 
line last drawn is parallel to the nearest drift 
line on the slide as in the illustration. 


10. Read the true heading to intercept (165°) 
at the true index. 


11. Read the drift 10° right at the head of the 
wind arrow. Apply the drift to the true heading 
to find the true course. 


12. Read the groundspeed to intercept (170k) 
at the head of the wind arrow. 


13. Read the rate of closure (148k) at the 
head of the ship’s arrow (point S). 


14. Using the slide rule face, set the arrow 
at the rate of closure (148k) and under the 
distance to close (94 nm) read the time to inter- 
cept (38 minutes). 


In problems where the time involved is less 
than one hour, the same procedures are used in 
the solution except that the winds and true 
airspeed are applied in their proper proportion. 





AFM 51-40 VOL Il 15 APRIL 1960 


NY TH & TAS BACK 


Radius of action vector diagram—fixed base 


RADIUS OF ACTION 


Radius of action is the distance an aircraft 
can fly in a specified direction from its base 
under specified wind conditions and return to 
the same or other designated base with its re- 
serve allowance of fuel intact. The radius of 
action is used in search activities where an ob- 
ject is being sought along a given track or in a 
tactical situation where the aircraft flies as 
far as possible in a given direction before re- 
turning. 


For a fixed base, the direction of flight (or 
track) is usually specified and the solution for 
the TH is the familiar wind triangle problem. 
If the aircraft is to return by a direct route 
to its base, the track back must be the reciprocal 
of the track out, resulting in a second wind 
triangle solution. 


Assuming no change in the wind, the solu- 
tion can be simplified by combining the two 
problems. (Refer to the accompanying diagram. ) 
An aircraft is ordered to leave a fixed base at 
E and scout out in direction EP,, returning at 
the end of T hours, using TAS WP. The wind 
is shown by vector EW. In solving such a prob- 
lem, plot the wind vector EW. From E draw 
the course line for the outward flight and ex- 
tend it back in the opposite direction. With W 
as the center and TAS as the radius, swing an 
are to intersect the course line at P, and P2. 
The various lines are as labeled in the diagram, 
EWP, being the wind triangle for the outward 
flight and EWP, the wind triangle for the 
flight back. 


Because of the wind, the groundspeed out is 
seldom the same as the groundspeed returning. 
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Hence, the time on the two legs is not equal. 
If T is the total time on both legs, t, the time 
on the outbound leg, and t, the time on the in- 
bound flight, then — 

8 =ti+te 


If the distance from the base at the time of 
turning, or radius of action, is designated RA; 
GS, groundspeed out from departure; and GS, 
the groundspeed returning, then — 


= —— and t.==—— 


since time is equal to distance divided by speed. 
Since T=t,+t, 
RA RA 
eae 
GS, GS, 
Solving this equation for RA we find that 
T(GS, x GS:) 





amar eee 
A 
Solving the equation t, = for RA, 
RA => Ct; >.< GS, 
Therefore, 
_ T (GS, X G82) 
t:xGS, =68, 468, 
Solving this for t; 
i Tx GS, 
' GS,+GS8, 


Thus the time for the outbound flight is found 
by solving a simple formula. Solution can easily 
be made on the DR computer by rearranging the 
formula in the form 


GSi+GS, GS» 
‘a: 
In this form T in minutes on the inner scale is 
placed opposite GS,+GS, on the outer scale, 
and t, read on the inner scale opposite GS. on 
the outer scale. 
Since T=t,+t:, t2=T—t,. Hence, if the total 
time (T) and the time out (t;) are known, the 


time back (t:) and time to turn can be deter- 
mined by subtraction. 


Radius of Action to the Same Base 


In the graphic example given, an aircraft 
is ordered to fly as far as possible on a true 
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course of 095°, using a true airspeed of 226 
knots, and return to base in 2 hours and 18 
minutes (that is, only 2:18 of fuel may be burned 
without using the reserve needed for safety pur- 
poses). The forecast wind is 204°/60k. It is 
required to find the true heading and ground- 
speed out to the turning point, the true heading 
and groundspeed back to departure, and the 
radius of action in miles. 


The solution is as follows: 


1. Plot the wind vector with the tail of the 
vector at departure A. 


2. Draw the prescribed TC and the reciprocal 
from departure, both of indefinite length (AC 
and AD). 


3. From the head of the wind vector, B, 
swing ares to intersect both courses with the 
TAS as the radius. 


4. The direction BC (110°) is the required 
TH,. The length of AC is the groundspeed out, 
or GS, (238k). 


5. Similarly, the direction BD (261°) is TH2, 
and the length of AD is the groundspeed to 
return, GS, (200k). 


The first part of the problem has been worked 
using a one-hour basis. The remainder of the 
solution is to determine how long to fly out so 
that, upon return, the entire flight will take 2 
hours and 18 minutes; that is, determine ty). 


6. Find t; by use of the DR or by substitut- 
ing in the formula 


Bs TxGS, 
' GS,+GS8, 
_ 138 (min) * 200 _ 
t; ee CC ee 103 


7. Since t.=T—t, 


t.=2 hours 18 minutes—1 hour 3 minutes = 
1:15 


8. Find the radius of action (RA) with the 
DR computer by converting t; in minutes to 
hours and substituting in the formula, 


RA =t:xXGS,, RA =1:03 X238 =250 miles. 
Since the distance back is the same as the dis- 
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tance out, this can be checked by substituting 
in the relationship 


RA =t:X GS 
RA =1:15 200 =250 nm 


Radius of Action to an Alternate Base 


An additional factor is involved when an 
aircraft is operating from a fixed base, proceed- 
ing on an assigned search for a given period of 
time, and then continuing on to an alternate 
base. In the case of a fixed base, the direction 
of relative motion and the speed of relative 
motion were the same as the true course and 
the groundspeed respectively. In the case of 
an alternate base, however, they are not the 
same. Hence, rate of departure and the rate 
of closure must be used in the formula to find 
the time out rather than the groundspeed. 


In this case, an aircraft is to proceed out on 
a course as far as it can and then return to an 
alternate base. The following information is 
known: 


W/V 040°/15k 

TC, 245° 

TAS 215k 

T 4:24 (available fuel hours). 


The alternate base is 128 nm from departure 
on a bearing of 160°. 


The information to be determined is the TH 
out, the GS out, the rate of departure (S;), 
the true heading to the alternate, the GS to the 
alternate, the rate of closure (S.), the radius 
of action, and the time to turn. 


1. Plot the base of departure and the alternate 
base, points A and B, as shown in the related 
illustration. 


2. Divide the distance between the base (128 
128 

nm) by the total fuel time (4:24) ‘TA = 29 miles. 
This figure is the hourly increment at which the 
alternate is approached, along the departure- 
to-alternate course (line AB). Since the problem 
is based on hourly increments of TAS and W/V, 
the rate at which the alternate is approached 
must also be used on an hourly basis. Actually, 
at the end of the first hour, the aircraft may be 
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farther from the alternate than when it started; 
but upon completion of the flight, it will have 
arrived over the alternate, approaching it (in 
the direction of AB) at the rate of 29 miles per 
hour. 


3. Plot the hourly increment from departure 
along a line connecting departure and the alter- 
nate base (line AH). 


4. Plot the wind vector with the tail on de- 
parture (040° /15k). 


5. Plot TC, of sufficient length from depar- 
ture. 


6. From the head of the wind vector (point 
C), are off the TAS (215k) to intersect TC, 
at point D. 


7. Plot a line of sufficient length from point 
D through and beyond point H. 


8. Arc off the TAS from point C to intersect 
the extension of DH (point E). 


9. Connect points A and E, points D and C, 
and points C and E. These lines represent the 
following: 


CD=TH, (247°) 

AD=TC, (245°) and GS, (229k) 
DH =§8, (228k) the rate of departure 
CE =TH, (079°) 

AE =TC, (081°) and GS, (208k) 
EH =S8, (200k) the rate of closure 


10. With the values shown above, substitute 
in the following formulas: 


_T XS: _ og. ' 
b=s ug, =2:0381% and 


RA = t; xS; =470 miles. 





Computer Solution 


The same problem may be solved on the com- 
puter in the following manner: 


1. Again find the hourly increment of closure 
along line AB, 29 miles per hour. 


2. Place the rectangular grid under the trans- 
parent disk. Set the wind direction (040°) at 
the true index and draw the wind vector down 
from the grommet an amount equal to the wind 
velocity (15k). Label the head of the wind 
arrow W. 
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(160), at the true index. (Refer to the applicable 


| 

| 
: | | oe bas 3. Set the true bearing of the alternate base 
| | - -_ a : fe 

: computer in the related illustration.) 

| 


4. Move the slide until the head of the wind 
vector is on the top line of the grid. From the 
head of the wind vector, draw a line down 
parallel to the grid lines and equal in length to - 


the value of the hourly increment (29). Label 
the end of this vector R. 


5. Set TC, (245°) at the true index. 


6. At the end of the wind vector, point W, 
draw a line parallel to the vertical grid lines. 


ree a eee a et etm 
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ann 
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7. Reverse the side to place the circular grid 


under the transparent disk and place grommet 
over the TAS (215k). 





8. Rotate the compass rose until the vertical 
line last drawn is parallel to the nearest drift 
line. Read the TH, (247°) at the true index, 
and GS, (229k) at the head of the wind vector. 


9. Read the rate of departure, S, (228k), at 
SU5h seat the end of the hourly increment line (point R). 
EPCRA he Hse At this point, R, draw a line parallel to the near- 
SYST TEINS EST ES est drift line. 


10. Rotate the compass rose until the line 


just drawn is parallel to the drift lines on the 
other side of the center line. 
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Radius of gction to alternate base on computer 
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11. Read TH, (079°) at the true index, and 
read GS, (203k) at the end of the wind vector. 


12. Read the rate of closure, S, (200k), at 
the end of the hourly increment line, point R. 


13. Again, substitute into the formulas to 
determine t, and RA. The computer solution 
solves the radius of action to the alternate base 
by assuming the rate of closure along the line 
AB to be an apparent wind, and continuing 
through the solution just as was done with the 
first example of the radius of action. 


CONTROLLED TIME OF ARRIVAL 


On routine flights, it is usually not important 
to reach the destination at any particular time. 
The navigator merely keeps account of the 
groundspeed and has an ETA for destination 
ready at all times, based upon the latest and 
best information. 


However, on some occasions, accurate timing 
is essential to the success of a flight. In a refueling 
operation or in joining up with a formation at 
a given rendezvous at a definite time, for in- 
stance, it is imperative that every aircraft 
arrive on schedule. Even after joining the forma- 
tion, it may be necessary that all the aircraft 
arrive over a given point at a specified time for 
tactical reasons. A single aircraft may be ordered 
to be at a destination or turning point at an 
exact time. In each of these situations, the pro- 
cedure used is called controlled time of arrival. 


The time of arrival at a destination or target 
depends upon three factors: (1) time of depar- 
ture, (2) groundspeed, and (3) distance to fly. 
Time of arrival can be controlled by varying 
one or more of these factors, within certain 
limits. 

It is easy to lose time in flight, but it is some- 
times difficult to gain time. This is particularly 
true with large, complex formations composed 
of different types of aircraft. The planning of a 
flight in which accurate time is essential should 
include some means of gaining time as by 
specifying several legs whose length can be 
shortened in flight to decrease the distance. 
Time may be gained by two methods: (1) in- 
creasing airspeed, or (2) shortening the distance 
of a leg. 
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Gaining Time 


Increasing the airspeed may serve to gain 
some time, but it has its limitations. To deter- 
mine what airspeed must be maintained to 
reach a given point at a given time, work the 
ETA problem backwards. By knowing how 
far to go and the time required to go there, the 
groundspeed to be made good can be determined. 
Using the wind face of the computer put the 
true heading at the true index, and slide the 
transparent face until the head of the wind arrow 
is over the desired groundspeed. Read the true 
airspeed under the grommet. With the pressure 
altitude and temperature, use the “‘For Airspeed 
Computations’ window on the slide rule face 
of the computer to determine the indicated 
airspeed to fly so that the desired true airspeed 
will be maintained. 


A simpler method of gaining time, however, 
is to plan the flight so that corners may be cut 
if necessary to arrive over a given control point 
at the specified time. This standby method is 
computed on the ground and saves computations 
in the air. The procedure is as follows: 


1. Construct a point A on TC, back from 
the turning point B an arbitrary dis ance; for 
example, 160 miles, as shown in the accompany- 
ing sketch. 





CONTROL 
DEPT POINT 


Cutting the corner to gain time 
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2. On TC, construct point C also 160 miles 
from point B. 


3. Connect points A and C. Determine the 
time to fly from A to C directly and the time to 
fly from A to C via B. The difference in time is 
the amount saved (10 minutes). 


4, Divide the arbitrary distance, 160 miles, 
by the amount of time saved. 
160 


10 
miles along A to B. These points become po- 
tential turns where lesser amounts of time is 
to be saved, thus, a course drawn 144 miles 
from B between TC, and TC, will save 9 
minutes of time and so forth. 


= 16. Construct parallel TC3’s every 16 


Losing Time 


Losing time is easier than gaining time. If 
an aircraft must reach a given control point at 
a certain time, the departure time should be 
fixed to insure an early arrival. Unpredicted 
wind changes, tactical and weather maneuvers 
may cause a loss in time so that there need be 
only a minimum of effort to arrive on time. 


When the time to be lost is small, there are 
several simple methods that may be used: the 
S turn, the 360° turn, the double drift, and the 
60° turn. These methods are not considered good 
navigational practice because they do not take 
the wind into account, and should only be used 
when the time to lose is small. 


S-TuRN. The sketch depicts the maneuver 
for the S-turn. It is accomplished by turning 
90° from the original heading, 180° from the 
new heading in the direction of destination, 
straight and level for a minute or two to cross 
track, 180° to return to track, and then 90° 


AUS 


Turns 
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to the initial on-course heading. By x Sil: 
ing standard rate turns exclusively, i aby v0) oe 
three minutes will be lost per S-turn. 


360° TURNS. By using the turn-and: ‘pan 
indicator, a standard turn of a given time.dijige 
tion may be made. If a turn is made so thag - 
needle is displaced a full needlewidth, one-Iii ny 
will be lost in making a 360° turn. If the' a 
is displaced 14 needlewidth, the turn will’take 
2 minutes to execute; 4 minutes for a 1g né Pill 
width, and 8 minutes fora % needlewidthv? ‘e 


DouBLE DRIFT. This is a familiar mane Vers 
of a 45° turn from the on-course heading, straight 
and level for two minutes, a 90° turn badk 
to track and straight and level for two mint es 
and, finally, a 45° turn back to the original 
heading. The time lost equals one minute*foy 
each increment of two minutes on one of*éig 
legs; for instance, if a leg is four minutes ‘lon 4, 
there is a total loss of two minutes on’ the 
heading. ; 


60° TuRN METHOD. This is similar to doubl& 
drift except that longer periods of time may] 
be conveniently lost. The method prescribes — 
a 60° turn from the on-course heading, a 
120° turn back to track, and a final turn back 
to the original heading. This forms an equilateral 
triangle, and the distance on each leg will equal 
the equivalent track segment forming the third 
side of the triangle. The time on each leg will 
equal the time lost on course, so that if each 
leg is flown for twelve minutes, the on-course 
time lost should be 12 minutes. The turns, how- 
ever, consume some time so that one minute 
will be lost in the three turns in a normal 4 
needlewidth turn. If it is desired to lose twelve 
minutes, each leg should be flown for 11 minutes 
with the twelfth minute being lost in the turns. 
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360° Turn 
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Arc method of losing time 


Maximum Time to Lose 


If it is desired to lose more than a few minutes, 
it is better to increase the distance by flying 
an angular course instead of a series of S-turns 
or 360° turns. Two methods are now in common 
use: the arc method and the perpendicular bi- 
sector method. Both of these methods make use 
of airplot to determine the headings which will 
bring the aircraft to the desired ground point 
at the required time, assuming a known and 
constant wind. 


ARC METHOD. Consider the following example: 
An aircraft is proceeding along a true course 
of 024° at a groundspeed of 220 knots. The true 
heading is 033°, the TAS is 240 knots and the 
wind is 090/40k. At 10380 the distance to fly 
to control point X is 375 nautical miles; the air- 
craft is to reach this control point at 1230. 


At the present groundspeed, only 1 hour and 
42 minutes are required to reach point X and 


the aircraft will arrive 18 minutes early. The 
problem is to increase the distance so that, at 
the present airspeed, 18 minutes will be used 
up. The solution is as follows: 


1. From a fixed position at 1030, airplot ahead 
10 minutes for sufficient time to solve the 
problem. 


2. Plot a wind vector into destination repre- 
senting the wind effect for 2 hours, or 80 nm. 
The tail of the wind arrow is the air position 
for the control time over the control point. 


3. To arrive at the air position at 1230 using 
two legs, each leg will be flown for half of the 
remaining time (1:50) or 55 minutes. Since the 
problem is based upon airplot, each leg will be 
220 miles long (55 minutes of the TAS). From 
the 1280 air position and the 1040 air position, 
swing ares of radius 220 miles intersecting at 
two points (1135 air positions) which are two 
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possible turning points, one on each side of the 
original course. The directions of the lines join- 
ing the 1040 air position, the 1135 air position, 
and the 1230 air position are the required 
THs. 


4. Initial heading of either 010° or 057° may 
be taken. Choice of which leg to fly may be 
dictated by restricted areas, flak areas, and the 
like. 


In this case each leg was half of the TAS for 
the time remaining to be flown. Any propor- 
tion may be used; for example, 14 and 24, 14 and 
34, and so forth. 


PERPENDICULAR BISECTOR METHOD. The per- 
pendicular bisector method is simpler to fly 
because only one turn need be made into the 
control point. This method is used frequently 
in combat operation when it is advisable to fly 
an indirect route to the. IP, either to avoid 
areas of concentrated flak installations or merely 
to confuse the enemy. In order to solve the per- 
pendicular bisector method for controlling the 
ETA, the initial heading must not be directly 
into the control point. 


The procedure for the perpendicular bisector 
method is as follows: 


Fy 
- m7 





Perpendicular bisector method : 


1. From a DR position, extend the TH to an 
air position for the control time (point A), as 
shown in the associated sketch. 


2. Attach the wind to the control point. The 
tail of the wind arrow is the air position for the 
control point (point B). 


3. Join the two air positions and erect a 
perpendicular bisector on this line (AB) so 
that it intersects the original TH at C. This 
represents the turning point into destination. 


4. Measure the distance from the 1030 fix 
to the turning point (C) and compute the time 
interval at TAS 180 knots (1:30+1030 = 1200). 


When employing either the arc method or the 
perpendicular bisector method, one wind is 
used throughout the entire problem. Every 
attempt should be made to use the wind which 
will most probably affect the aircraft through- 
out the entire problem. The forecast winds for 
the route may be compared with the actual 
winds in flight to determine a correction factor. 
This factor may in turn be applied to the fore- 
cast wind for the route between the last fix 
and the control point to derive the best wind for 
the problem. The routes should be monitored 
throughout the problem so that the planned 
headings are maintained as closely as possible. 
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AUTOMATIC NAVIGATION SYSTEMS 


The standards of navigation have improved 
consistently since World War II, largely through 
the efforts of the navigators themselves. How- 
ever, it soon became evident that in air naviga- 
tion there were certain fundamental limitations, 
because the navigator had to assume that many 
of the variables affecting him were constant, 
the chief of these being heading and airspeed. 


To help solve this problem, automatic dead- 
reckoning was introduced in about 1941 with 
the use of the Air Position Indicator. This gave 
the navigator better control of the variables, 
but it solved only half the problem. It made no 
allowance for wind, it gave no indication of 
which way to go, and usually there is little 
point in knowing where you are if you don’t 
know which way to go. 


CLASSIFICATION OF NAVIGATION SYSTEMS 


Every navigation system now in use or which 
may be developed in the future can be classified 
as either a self-contained or a ground-referenced 
system. 


A self-contained system is complete in itself 
and does not depend upon the transmission of 
data from a ground installation. However, some 
self-contained systems, such as search radar 
and Doppler radar, do require transmission of 
energy from the aircraft. Other self-contained 
systems, such as the inertial system and celestial 
referenced aids are completely passive in opera- 


tion; that is, they do not transmit energy from 
the aircraft. 


Aircraft equipped with self-contained systems 
may operate anywhere in the world without the 
assistance of ground-based aids. They also have 
greater flexibility since the accuracy of the sys- 
tem is not affected by the location of base lines, 
blind spots caused by terrain, or bad weather. 


Ground-referenced aids include all aids which 
depend upon transmission of energy from the 
ground. For military purposes, the utilization 
of ground-referenced aids involve considerable 
risk, since in time of war, the system provides a 
navigation aid for enemy as well as friendly 
forces. Another disadvantage of ground-refer- 
enced aids are the large installation and operat- 
ing costs. 


The Ideal System 


Every navigation system has certain advan- 
tages and disadvantages. A particular naviga- 
tion system is used in a situation where its 
advantages can be exploited while its disad- 
vantages do not harmfully affect its use. In 
some cases, several aids must be provided to 
adequately fulfill the requirements of different 
missions. The ultimate objective of navigational 
research is to produce one system that can be 
used in any location to supply complete naviga- 
tional aid for all aircraft. If such an ideal sys- 
tem is developed, it should have the following 
characteristics: 
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PRESENT GROUND INFORMATION. The system 
must indicate the ground position of the air- 
craft. 


GLOBAL COVERAGE. The ideal system must 
be capable of positioning and steering the air- 
craft accurately and reliably anywhere in the 
world. 


Must BE SELF-CONTAINED. The ideal sys- 
tem must not rely upon ground transmissions 
of any kind. 


PASSIVE OPERATION. The system must not 
betray the position of the parent aircraft by 
transmitting signals of any kind. 


IMMUNE TO COUNTERMEASURES. The system 
must not be susceptible to countermeasures of 
any type. 


USELESS TO ENEMY. The system must not 
provide navigational aid or intelligence of any 
kind to enemy forces. 


Must BE FLEXIBLE. Unlike some navigational 
systems which place the aircraft or missile on 
the final heading very shortly after takeoff, 
the ideal system must be flexible. The system 
must track the aircraft even though unplanned 
deviations are made from the preflight track. 
The system must also be capable of operating 
at any altitude and at any speed within the 
capability of the aircraft. 


GROUND REFERENCED SYSTEMS 


Ground referenced systems are used far more 
widely than self-contained systems. The use of 
these aids requires less equipment in the air- 
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IF FREQUENCY IS: 


100 KC 100 CPS 
360° A 1.61 NM —_1610_NM_ 
9,728 FT 9,728,000 FT 
B00 eA, 805 NM __805_NM__ 
180 2 4,864 FT 4,864,000 FT 
9° A 4025 NM 402.5 NM 
4 2,432 FT 2,432,000 FT 
eS -0045_ NM 4.5 NM _ 
360 270 FT 270,000 FT 
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Relationship of frequency and wave length 


craft, costs less per installation, and are present- 
ly more accurate and reliable. Until such time as 
inertial and astro components are made more 
accurate and reliable, the ground referenced 
systems will be used. The primary disadvan- 
tages of these ground systems are their limited 
range and limited wartime use. 


In the text to follow, Decca, Delrac, Dectra, 
Navarho, Loran C, and French Radio Web will 
be described. The purpose of describing these 
systems is to illustrate the various methods that 
may be used to obtain airborne navigation in- 
formation from ground stations. 


BASIC THEORY OF PHASE MATCHING 


Before examining the various equipment that 
uses the principle of phase matching, it is ad- 
visable to investigate the use of the sine wave 
in phase matching. There are many ways to 
generate a sine wave. Examples are the energy 
that is radiated from a radio station, air carried 
oscillators, and alternators and inverters. 


As shown in the accompanying illustration, 
a wire rotated within a magnetic field will 
generate a sine wave current (alternating cur- 
rent). Notice that as the loop rotates through 
360°, a sine wave is generated. The horizontal 
axis of the graph on the left represents angular 


rotation, and displacement in the vertical axis 
represents amplitude. One complete rotation 
represents one cycle. In a ground transmitter 
the sine wave is generated within the trans- 
mitter, amplified, and radiated by the antenna. 


Since the velocity of radio propagation is 
fairly constant at 161,000 nautical miles per 
second, distance may be related to phase as 
shown in the associated sketch. As you can see 
in the diagrams, the relationship 


V=fn 


is all that is needed to compute distance. The 
longer the wavelength, the lower the frequency; 
the converse is also true. Notice that if both 
are received in the aircraft, a fine and coarse 
distance measurement may be made. This is 
accomplished by radiating the high frequency 
wave and modulating, or superimposing the low 
frequency wave upon it similar to the method 
used in TACAN. 


Knowing the above relationship of wave- 
length and distance, it is a simple matter to 
relate the phase of an incoming radio signal to 
range of a station. The phase of this incoming 
signal is compared to either an_air-carried 
oscillator or the signal from a second station, 
and the relationship will yield the desired dis- 
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tance. Since phase difference can be measured 
to one degree, it is possible to measure distances 
that are accurate to within 270 feet. 


Summary of Phase Matching Principles 


Radio energy is radiated in the form of a 
sine wave. By using the wave length as a physi- 
cal distance on the earth, distance from (or to) 
a ground station may be obtained by measuring 
the instantaneous phase relationship between 
the received signal, and either an air carried 
oscillator or another received signal. Normally, 
a low frequency modulation produces the coarse 
value of range and the higher frequency carrier 
yields a fine distance measurement. 


DECCA 


Decca is a British low frequency, short range 
system. It has been used for several years, and 
is extremely accurate in its 400 nm range. Use 
beyond this range is limited because of erratic 
skywave interference. The system is leased to 
the users by the company which performs all 
maintenance, operates the ground stations, and 
provides installation of the equipment. Decca 
is licensed in this country, and a system has 
been installed in the Los Angeles area for demon- 
stration to the airlines. 


Principles of Operation 


The ground station consists of four separate 
low frequency transmitters — as shown in the 
illustration, three slave stations equally spaced 
about a master station. All four stations are 
phase locked to begin each transmission with 
the same part of the sine wave. The master’s 
transmission triggers the three slaves, labeled 
red, green, and purple. Since the airborne re- 
ceiver must distinguish between the stations, 
each broadcasts on a separate frequency — a 
multiple of the basic frequency f, 14.16 ke. In 
the airborne receiver the transmissions of the 
master and a slave are brought to common 
comparison frequencies, and the resultant phase 
difference produces a LOP. Observe in the illus- 
tration that crossing two or more of these LOPs 
will give a fix. 


Instead of operationally reading and plotting 
the LOP data, the course and speed line LOP 
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information can be made to drive automatically 
a pen and roller chart to indicate the position 
and track of the aircraft. This indicator is a 
Flight Log; one model of which is here shown. 





Flight log display head 


The illustration is of a flight log suitable for 
large aircraft, and is normally attached over- 
head in the pilot’s compartment. 


For sake of explanation, only the generation 
of red LOPs will be described. The green and 
purple LOPs are generated in a like manner 
with frequency being the only difference. The 
related sketch shows that transmission from 
the master is at 6f or 85 ke. At the same time, 
the red is transmitting at 8f, or 111.3 ke. In 
the airborne receiver the master’s signal is 
multiplied by four, the red by three, and phase 
comparison takes place at 24f, or 339.8 ke. 


RED 
8f NORMAL 


9f FOR ZONE 


MASTER 
6f NORMAL 


5 FOR ZONE 
GREEN 


of 


PURPLE 
5f 








NORMAL 


8f 
fe FOR ZONE 





8f 
of 


Decca placement and frequencies 
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Since the red will always be compared at 24f, 
lines of equal phase are drawn in red on the 
Decea chart at 24f, and not the actual frequen- 
cies of transmission. Purple is compared at 
30f, and green comparison is at 18f, and are 
so printed on the chart. 


The lines of equal phase printed on the chart 
are those where a 0° or 360° phase relationship 
between master and slave exist. Thus, for each 
wavelength at 339.8 ke, there are two of these 
as shown in the referenced diagram. From the 
diagram, note the intermediate values through 
360° for each half wave at 24f, or approximately 
481 yards. One degree of accuracy will yield 
481, 360°, or slightly over one yard. The lines 
of equal phase are termed Lanes. The number of 
lanes in each station will be a function of the 
physical distance between master and _ slave. 
Obviously, since comparison is at different 
frequencies, each lane’s color will be a different 
width. The lanes are given consecutive blocks 
or numbers: 


RED 0-23 24 lanes total 
GREEN 30-47 18 lanes total 
PURPLE 50-79 30 lanes total 


and are repeated as often as necessary, counting 
from the master to the slave station. 


1. LANE 1 LANE 
090° 090° 
0° 180° 180° . 0° 
360° 360° 
270° 270° 
oe ne Om 180° 
A AT 245 
FOR 
RED 


Two wavelengths on same base line 
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Since the lanes are so close together, the 
ambiguity of which number 14 lane exists; how- 
ever, phase comparison also takes place at the 
basic frequency f, of 14.16 ke. Since this fre- 
quency is 24 times lower, the wavelength will be 
24 times as long. The value of equal 0° or 360° 
lines are termed Zones, and are also printed on 
the chart. The zone line is heavier, and consecu- 
tively lettered. 


Thus, a coarse Zone and a fine Lane are used 
to obtain a LOP. Since the basic f is.too low to 
propagate directly from the stations, a mixing 
procedure is used. The master sends a 5f with 
its normal 6f, and the red sends a 9f with its 
normal 8f. The result of this type of transmission 
is the same as 2f the stations transmitted on the 
basic f, that is, 9f-8f=f, 6f-5f=f. Switching 
of the additional transmitter at each slave and 
master takes place sequentially once each 
minute. 


An intermediate value is also measured in 
the aircraft, which is termed a Sector. It is a 
comparison at 6f for all colors, and is used for the 
preliminary lane value. It will section four red 
lanes, three green and five purple lanes. In 
high-speed aircraft, where a lane of 481 yards 
is an insignificant distance, the lane values are 
deleted, and only the zone and sector values 
are used. 


Indicators used with the system vary with 
installation requirements. The simplest com- 
bination appears in the illustration. These 
three meters are called Decometers. In the 
illustration, note the numbers representing lanes, 
the white arc that limits the sector, and the R 
knob, used to set the decometer to the correct 
lane initially. There is a window directly be- 
neath the lane pointer that gives the lettered 
zone. As mentioned previously, fighter aircraft 
would find the flight log more useful for display 
as there is no plotting necessary; the position 
of the aircraft being immediately available 
from the pen’s position. Both stationary and 
portable flight logs are available. The latter 
may be stowed when not in use, or placed on 
the pilot’s lap. Provision is made to change 
charts from area charts for approach and let- 
down, to en route navigation charts. 














J 
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Red, green, and purple decometers 


Summary of Decca 


Decca is a practical short range system that 
produces automatic map plotting or LOP values 
as its output. The master and all three slaves 
transmit on separate but harmonically related 
frequencies. Within the airborne receiver, these 
signals are brought to common comparison fre- 
quencies. The resultant phase comparisons 
yield a fine range value, called a lane. Resolving 
the ambiguity of which lane is accomplished by 
phase comparison at f, which produces a Zone 
value. The airborne computer also makes a 
comparison at 6f to give a group of lanes, or 
Sector. The master sequentially triggers the 
slave stations to shift frequency once each 
minute for Zone values. Decca is a 400 nm aid 
that cannot be used beyond that range because 
of skywave interference. 


DECTRA 


The Decca Company has developed a long 
range navigation aid called Dectra, Decca 
Track and Range. The Dectra system is intended 
to give accurate and reliable positions along one 
of several parallel tracks 1,500 to 2,000 nm 
long. Less accurate but useful coverage over a 
very wide area is also provided. The system has 


been tested, accepted and recommended by 
the ICAO. In tests the system has had an ac- 
euracy of 50 yards at ranges of 100 miles and 
less than 10 miles at approximately 1,000 miles. 
The system has proven reliable and the accuracy 
figures given are based on 95% probability. 

The system operates on the 85 ke band which 
is usually accepted as the best for long range 
accuracy, reliability, and economy of opera- 
tion. 

The Dectra system uses four transmitter sites. 
A master and slave operating on frequency F, 
are placed approximately 80 to 100 nm apart on 
one coast line while a master and slave operating 
on frequency F, are placed on the opposite coast 
line. The master and slave operating on each fre- 
quency are phase locked together and transmit 
alternately for short periods of time. The master 
stations of each pair are also phase locked 
together and while the slave of one pair is trans- 
mitting the master of the other pair is trans- 
mitting. 

The track information is obtained by phase 
measurement from the station pair nearest the 
receiver. Since the system of hyperbolae are 
so arranged that the center lines from the two 
station pairs overlap, no error results from the 
transfer between stations. 
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The ranging information is supplied by the 
transmissions of the master stations of F, and 
F,. The beat note between F, and F, is com- 
pared with a subharmonic of one of them to 
provide distance traveled. In this way range 
is given as an indication along a hyperbola 
system whose foci are the two master stations. 


Since the reception of the signal from the 
more distant master station may be poor at 
times an alternate ranging system is provided. 
The alternate system uses a high stability crystal 
which is carried in the aircraft to serve as a fre- 
quency standard with which to compare the 
signal from the nearest master station. The ac- 
curacy of this system is dependent upon the 
stability of the erystal. Its stability, and there- 
fore the accuracy of the system, will diminish 
with the passage of time. 


Both the bearing and range are used by the 
Decca flight log to continuously show the air- 
craft’s position. The range information is used 
to control the speed with which the chart is 
moved under the recorder pen while the bearing 
information is used to move the pen to the left 
or right of the printed track. 


The flight is switch from Dectra to Decca for 
terminal area navigation. 


i] 
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Navarho radiation pattern 
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If the flight log is not used the information 
is presented on three instruments. One for 
bearing, one for range, and one for the alter- 
nate ranging system. 


DELRAC 


Delrac is a very low frequency version of 
Loran. Operating on the 12 ke band, each pair 
of stations — master and slave — should service 
aircraft within 3,000 nm. Delrac uses pairs of 
stations to generate hyperbolic LOPs. Two such 
LOPs determine a fix. The position line infor- 
mation is displayed on a decometer similar 
to those used for Decca. Alternate system for 
display is the flight log, again similar to Decca. 


At present, the equipment is still experimental, 
and no attempt at production line manufacture 
has been made. The estimated airborne equip- 
ment will weigh approximately 65 pounds. Ten 
to twelve ground stations would provide world 
coverage. The major problem of Delrac is that 
of propagating RF energy at very low frequen- 
cies. 


NAVARHO 


Navarho is being developed by Wright Air 
Development Center for the Department of 
Commerce. Navarho is the United States’ pro- 
posal for a world wide long range navigation 
aid. Operating in the 90-110 ke frequency band, 
the system is expected to have a range of 2,000 
nm over land and 2,600 nm over water. Bearing 
error is expected to be 0.5° to 1°, and distance 
error less than 1%. The field tests have not yet 
been completed, so that the actual accuracy 
may be better than that now indicated. 


The Navarho system uses amplitude com- 
parison for bearing measurements and phase 
comparison for distance measurements. Three 
antennas are arranged in the shape of an 
equilateral triangle. The spacing between the 
antennas is approximately 0.4 wavelength, which 
for 100 ke is approximately 120 meters. 


For bearing measurement each antenna pair 
around the triangle progressively transmits in 
phase with equal power. The antenna pattern 
for each pair is identical. The resultant total 
field is shown in the sketch. An aircraft receiv- 








ing the signals simultaneously will receive three 
signals of different amplitudes. There is a 
combination of amplitudes for any bearing 
of the aircraft from the station. The accom- 
panying radiation pattern rectangular plot 
shows this as well as the 180° ingenuity that 
exists in the system. 


However, in order to establish a zero refer- 
ence point, there must be transmitted a syn- 
chronization signal to provide a starting point 
from which to measure the relative amplitudes. 
The distance signal serves this purpose in the 
Navarho system. 


The signals from the antenna pairs as they 
are received at the aircraft are shown in the 
radiation pattern rectangular plot. If the air- 
craft is at a bearing of 90° from the station, the 
signal from station pairs B and C will be equal 
while the signal from station A is at a minimum. 
It can be seen in the rectangular plot that an 
ambiguity of 180° could exist. 


The distance measurement is made by com- 
paring the phase of the distance signal from the 
ground installation with a very stable frequency 
standard carried in the aircraft. The phase re- 
lationship of the ground signal and the fre- 
quency standard are established at the beginning 
of the flight. Any shift in the frequency after 
the start of the flight can be attributed to the 
motion of the aircraft. At 100 ke the aircraft 
will move 1.62 nm for every 360° shift in phase. 
If for any reason the signal from the ground is 
lost temporarily the aircraft may move through 
several complete phase shifts without the change 
being detected by the receiver. 


Unless a suitable memory device were in- 
corporated in the system there would be no 
way for the receiver to catch up on the distance 
lost. To prevent the ambiguities that exist 
every 1.62 miles, the carrier signal of 100 ke 
is modulated with a 200 cycle signal. The wave- 
length of the 200 cycle signal is 804 nm and 
therefore could be used to resolve the ambigui- 
ties in the distance measurement. The accuracy 
of the distance measurements will depend upon 
the accuracy of the frequency standard. In the 
original equipment, the frequency standard 
was provided by a precision crystal. In future 
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Radiation pattern rectangular plot 


systems an atomic frequency standard may 
be used. 


A computer is being developed to convert the 
receiver bearing and distance to track and 
groundspeed. 


CYTAC 


Cytaec is currently being developed as a 
precision navigation aid for en route and ter- 
minal navigation. This hyperbolic system uses 
eycle and phase matching to determine the 
difference in arrival time of two radio signals. 
Operating on 100 ke, the range of the system is 
limited only by the power of the transmitters. 
The accuracy varies from 100 feet within 100 
miles to approximately 2,000 feet at 1,000 miles. 
The reliability of the system has not yet been 
determined. 


Cytae operates very much like the current 
Loran system. Four antennas are used to pro- 
duce three systems of hyperbolas indicating 
time difference. Measurement of time dif- 
ference is made by not only comparing the pulses 
from master and slave stations but by comparing. 
the frequencies within each pulse envelope. 


Weather will limit the accuracy of the sys- 
tem, but it is believed that 15 stations would 
give the United States complete high accuracy 
and high reliability coverage. 
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French Radio Web 


It is estimated that the airborne equipment 
which has not been designed will weigh from 
40 to 50 pounds. A computer will probably be 
provided to convert the time difference readings 
to track and distance, or latitude and longitude. 


FRENCH RADIO WEB 


The French radio web, as the illustration 
shows, consists of two families of hyperbolic 
position lines that sweep at a given speed at 
right angles to each other. A constant time fac- 
tor is involved, and the lines represent equal 
phase, as in the Decca lane. Between the hyper- 
bolae, a phase difference will exist. The air- 
borne receiver times the passage of the rotating 
phase lines, and by taking two simultaneous 
readings, a fix is determined. 


Programmed into the radio web is a trans- 
ponder-type action for use by ground controllers. 
When the rotating phases coincide at an aircraft, 
a signal is sent to the ground; timing of the 
coincidence gives the ground controller the air- 
craft’s position. 


Adequate performance figures are not yet 
available on the web. Should the practical re- 
sults be comparable with the theoretical expec- 
tations, web will be a serious contender for the 
ICAO requirement, as it may be used as both 
a long and short range device. 
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GROUND POSITION INDICATORS 


Ground position indicators may be considered 
as the computer element of automatic naviga- 
tion systems. Information may be inserted into 
the computer either automatically or manually. 
Some of the inputs and outputs of a typical 
system are shown in the accompanying illus- 
tration. 


Magnetic Heading is transmitted to the com- 
puter from the compass system. Depending 
upon the complexity of the particular GPI, 
the magnetic heading may either be corrected 
for variation automatically or it may be set 
manually. If greater accuracy is desired, true 
heading may be obtained from an automatic 
astrocompass. This device will be discussed 
later in the text. 


True airspeed is automatically transmitted 
from the aircraft’s pitot system. The pressure 
differential is converted to electrical signals 
by a device known as a pressure transducer 
which is actuated by the mechanical motion of 
a pressure diaphragm. The transducer then 
moves the arm of a linear potentiometer to 
produce a reference voltage proportional to 
the mechanical change. 


The less complex computers require that the 
best known wind and velocity be set in manually. 
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More advance computers accept inputs of drift 
and groundspeed from devices such as a Dop- 
pler radar, and display the computed wind 
on the control panel. Other computers may 
accept drift and groundspeed inputs and use 
the wind in all solutions, but not display it. 


° 


et © LATITUDE 
All ground position indicators must be started ‘ne HBoOno 
from a known position. Without exception, the 
initial coordinates are set on a control panel by 
the navigator or pilot. 


Only two coordinate systems are in general 
use with the GPI’s. The familiar latitude and 
longitude are used with the ASN-6, and ASN-7. 
Rho-Theta coordinates are used with the ASN-8. 
Rho-Theta coordinates are bearing and dis- 
tance, respectively, from a known geographical 
position. This position is usually a TACAN 
station, other radio facility, the aircraft’s home 
base, destination, or an established grid center. 





aeee hi + 


1. Before departureiset present position 
latitude and longitgde using two slews 
located on the face of the indicator. 





Hea 3 
eee 
3. Set wind direction and wind force eS 
(speed) with the slews on the computer érrsew. eo 
control. “yy 
4. When leaving departure point turn the \ ee . ; 
computer on with the departure switch i 2. Set variation with the 


geek yee ue 


which is located on the navigator's instru- y ne slew on the computer 


ment ponel. os fy. Tees control. 
* A eS e 
n Se BS aa 
ae at BSS 


WIND DIRECTION VARIATION 


5. Read present position at any time on 

the indicator. YS 

6. Set new winds on the 

computer control box as 

they are obtained. Re- 


S 
start computer when a Mes 
fix is obtained by set- poled Se3 
ting new coordinates on 


the indicator. 





Inputs and outputs of a typical GPI 
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The information discussed thus far is suffi- 
cient to determine the position of the aircraft 
at any time. Readily apparent advantages of 
the system are: the navigator need not con- 
stantly monitor the true heading and true air- 
speed to obtain reasonably accurate averages, 
he is relieved of several arithmetic and trigo- 
nometric computations, and the position of 
the aircraft is always available. However, 
if wind is manually set into the computer, 
the navigator should remember that the pres- 
ent position is only as accurate as the pre- 
set wind. Other features of more advanced 
ground position indicators include course and 
distance to destination. 


A memory function is a necessary part of 
most GPIs that compute course and distance 
to destination. Suppose the computer is present- 
ly computing and displaying a course and dis- 
tance to the nearest TACAN station. As the 
station is approached, the coordinates of the 
next TACAN station must be set so that it 
will be available immediately upon reaching the 
station. This requires the control panel destina- 
tion dials to be changed without disturbing the 


track and distance signals to the nearest sta- 
tion. This is accomplished by setting the 
next station and keeping it in storage while the 
computer is still working on its memory of the 
present destination. Upon reaching the TACAN 
station a single switch inserts the new destina- 
tion in the computer. In essence, then, the 
memory function allows the navigator to use 
the control panel for other functions without 
changing the working information in the com- 
puter. 

A polar mode is normally essential to any GPI 
that will be used above 70° north. Assuming 
that a nonmagnetic heading signal could be 
supplied, the computer could operate in the 
polar region by correcting for the convergence 
of meridians. However, the usual solution is to 
use transverse coordinates since latitude is not 
normally accurate above 70° north. The polar 
axis of a transverse polar coordinate system 
is rotated 90° so that the normal north pole is 
located at the intersection of the equator and 
90° east longitude. The computer then solves 
the problem in the normal manner. 

The application of these functions to various 
computers are discussed in the following pages. 


j2 TYPE A2 Eee 
MAGNETIC AIR SPEED. DEPARTURE . DEPENDENT 
COMPASS TRANSMITTER SWITCH 
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Computer set, latitude and longitude, ASN-6 
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THE ASN-6 


The ASN-6 supplies a continuous ground posi- 
tion in latitude and longitude if the wind and 
variation are set manually. The inputs to the 
system are departure coordinates (initial lati- 
tude and longitude), magnetic heading, true air- 
speed, variation, wind direction, and wind speed 
as shown in the related chart. The outputs 
are DR latitude and longitude if wind is set, 
or air position if wind is not set. The resolu- 
tion accuracy of the system is 114% of the total 
air distance flown. 


The ASN-6 system consists of a computer, 
amplifier, indicator, and computer control unit. 
Their combined weight is 45 pounds and requires 
1.3 cubic feet of space. All units except the ampli- 
fier are hermetically sealed. 


The ASN-6 Principle of Operation 


The computer can operate in either a TAS- 
W/V mode of operation or in a G/S-Drift 
mode. 


In both modes of operation the computer 
solves for a change in latitude and a change in 
longitude. These changes are continuously ap- 
plied as a correction to the existing values of 


N N 4 
WD 
WS sin WD 
TAS cos 
TH wi? 
WS cos 
WD 





NOTE: W/D=Wind Direction 
W/S=Wind Velocity 


N 


TAS cos TH + 
WS cos WD 





TAS sin TH + WS sin WD 


Geometry for the ASN-6 GPI 
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MAGNETIC 
NORTH 
TRANSMISSION 
ig Tue NORTH WAGES 
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DIRECTION OF 
NORTH INDICATED 
ON AIRCRAFT 

COMPASS 


TAS 


WS 


latitude and longitude displayed in the com- 
puter. The result is continuous display of air- 
craft position in terms of latitude and longitude. 
The mathematical solution of the navigation 
problem as solved by the ASN-6 is outlined 
below. 


TAS-W/V MoDE 
Groundspeed N-S=TAS cos TH+WS cos WD 
or=TAS (cos TH)+TAS 
(WS cos WD) 
( TAS _ ) 
or =TAS (cosTH + WScos WD) 
( TAS ) 
Since one minute of latitude are equals one 
nautical mile: 
Change in latitude = TAS (cos TH+WS 


eos WD)** 
( TAS) 
(Note: wind speed =WS and wind direction 
=WD) 
Groundspeed E-W = TAS sin TH+ WS cos WD 
or=TAS (sin TH)+TAS (WS cos WD) 
( TAS ) 
or=TAS (sin TH+WS cos WD) 
( TAS ) 
change in longitude (n. m.) = TAS (sin TH+ WS 
sin WD) sec lat ** 
( TAS ) 
change in longitude (min. of are)=TAS 
(sin TH+ WS sin WD) sec lat ** 
( TAS ) 
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The Geometry for the ASN-6 GPI diagram 
shows the breakdown of the airspeed and wind 
vectors into their north-south and east-west 
components. In the computing mechanism, these 
components are used to synthesize a ground- 
speed vector GS. 


If initial latitude is added to the integral 
with respect to time of the term (TAS cos TH + 
WS cos WD) the sum is present latitude of the 
aircraft. Were it not for convergence of the 
meridians at higher latitudes, the initial longi- 
tude added to the integral of the east-west 
terms would yield present longitude. The equa- 
tion for present longitude, corrected for meridian 
convergence, 1s: 


Present Longitude = Initial Longitude +TAS 
(sin TH+WS sin WD) sec lat 
( TAS ) 
Secant Latitude is the secant function of the 
present latitude and is the correction for merid- 
lan convergence. 


These two integrations, with the associated 
circuity, consitute the basic mechanism of the 
ASN-6. 


ASN-6 Dead-Reckoning Section Data Flow 


Note the accompanying simplified schematic 
of the automatic dead-reckoning section. True 
airspeed and compass heading are received 


MECHANICAL 


continuously and automatically by the synchro 
servo systems. The compass servo contains in 
its feedback loop an adjustable cam device 
which corrects the compass indication for resid- 
ual deviation. 


In the Computer Control Unit, the manual 
inputs; variation (VAR), wind direction (WD), 
and wind speed (WS) are inserted. The varia- 
tion control positions a synchro transmitter 
which transmits the variation information to 
a servo in the remotely located computer. The 
wind direction and the wind speed controls 
inject the components of the wind vector into 
the computation. 


The outputs of the variation and compass 
servos are added in a mechanical differential, 
positioning a true heading (TH) resolver. :This 
resolver excites two potentiometers positioned 
by the airspeed servo, thus injecting the‘ eém- 
ponents of the airspeed vector into the com- 
putation. 


The north-south or latitudinal components 
of groundspeed are fed to the latitude inte- 
grator. The disk of the integrator is driven by 
a synchronous time motor. The output of the 
latitude integrator feeds change in latitude to 
the cockpit panel-mounted indicator. The change 
in latitude is added to initial latitude, which is 
set by a slew switch controlling the slewing 


DIFFERENTIAL TAS sin TH + WS sin WD 
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ASN-6 Dead-reckoning section data flow 
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2. COURSE AND DISTANCE 
COMPUTER 


5. INDICATOR 


course, track 
distance 
heading 


error to autopilot 





present position 
output as needed 


destination coordinates 
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CONTROL 






present position 


true heading 


as needed 


wind and variation 


information 
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6. COURSE AND DISTANCE 
AMPLIFIER 










control 


signals 
7. MAGNETIC VARIATION 
COMPUTER 
present 
position 
















automatic variation 


3, PRESENT POSITION 
AMPLIFIER 


POSITION 


Computer set, navigational, ASN-7 


motor in a differential. The differential output 
drives the present latitude counter. 


The east-west or longitudinal components 
of groundspeed are fed to the longitude inte- 
grator. The operation of the longitude channel is 
the same as that of the latitude channel except 
the longitude rate must be multiplied by the 
secant of latitude to correct for meridian con- 
vergence. This is accomplished by the secant 
corrector mechanism. 


ASN-7 GROUND POSITION INDICATOR 


The ASN-7 (GPI) is in a sense an ASN-6 with 
a course and distance computer. While the com- 
ponents appear different, the solution of present 
position in the ASN-7 is identical to that in the 
ASN-6. 


The ASN-6 is essentially an automatic dead 
reckoning computer which displays only the 
DR latitude and longitude. The course and dis- 
tance computer group extends the instrumenta- 


tion to provide a basic computer with the facility 
to compute rhumb-line course and distance for 
a destination up to 1,000 nm. This computation 
is based upon the present position and the desti- 
nation’s known location. 


Description of the ASN-7 


The components of the ASN-7 are shown in 
the related illustration. A brief description of the 
purpose of these components is outlined be- 
low: 


1. The Present Position Computer performs 
the necessary integration for dead-reckoning. 


2. The Course and Distance Computer contains 
most of the additional computing mechanism 
necessary for the course and distance solution. 


3. The Present Position Amplifier contains 
the electronics required for supporting the 
dead-reckoning computer. 
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ASN-7 control 


4. The Computer Control has the facility for 
inserting wind and magnetic variation in the 
system. In addition, it contains all the parts 
necessary for latitude and longitude display. 


5. The Indicator displays ground track, re- 
quired course, heading error, and d stance to 
destination. It is intended for panel mounting. 


6. The Course and Distance Amplifier contains 
the electronic equipment associated with the 
course and distance function of the computing 
mechanism. 


7. The Magnetic Variation Computer computes 
magnetic variation as a function of latitude 
and longitude. 


Operating Procedures 


Assume that you are ready to fly a mission 
using the ASN-7 computer here shown. You 
know your present position and your intended 
destination, so you are ready to navigate with 
the ASN-7. You will also need a metro briefing 
from the weather officer to obtain the wind data 
en route to your destination. 


To operate the Computer Control, set the 
mode selector switch to Standby and check that 
the storage switch is in the Store position. Then 
place the display selector switch to the Present 
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position. We are now ready to insert the co- 
ordinates of departure. 


By manipulating the upper pair of slew knobs, 
set the latitude and longitude counters to the 
coordinates of the departure point. 


Use the wind slew knobs to set Wind Speed 
and Wind Direction. The system will automatic- 
ally compute the magnetic variation for the 
present position coordinate display if the varia- 
tion switch is placed in the Automatic position. 
East or west magnetic variation can be set in 
manually if desired. 


Change the display selector switch to Desti- 
nation. We are now ready to insert the coor- 
dinates of destination. 


Set the coordinates of destination by operating 
the latitude and longitude slew knobs. Then 
place the storage switch to the Jnsert position. 
This inserts destination information into the 
computer. Rhumb-line course and distance to 
destination is automatically computed and is 
displayed on the indicator, as illustrated. 


From the foregoing description of the opera- 
tion of the ASN-7, it is evident that at no time 
is the navigator or pilot required to make 
any computation. It is merely necessary for 
him to insert his departure and destination co- 
ordinates and the necessary wind data. If the 
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ASN-7 indicator 


system has a Doppler tie-in, it is not necessary 
to insert the wind direction and speed. 


The ASN-7 has the capability of storing an 
alternate destination, which simplifies the navi- 
gational problem when the primary destination 
becomes ‘‘weathered in” after the aircraft has 
departed en route. To store an alternate desti- 
nation: 


Throw the storage switch to the Store posi- 
tion. Set the coordinates of the alternate desti- 
nation with latitude and longitude slew knobs. 
Red storage flags appear in windows on the left 
side of the computer control to warn you that the 
position display is not the original destination. 
Remember: During the flight, if you desire to 
fly to the alternate destination which you have 
stored in the computer, throw the storage switch 
to the Insert position. 


Return the mode selector switch from Standby 
to Run. This can be done at takeoff. It can also 
be performed as you fly over a departure point. 


The present position counter display will 
continue to indicate the coordinates of the DR 
position. To place the aircraft on the correct 
rhumb-line course to destination, steer the air- 
craft to line up the pointer on the indicator. 
The distance counter on the indicator will dis- 
play the remaining distance in nautical miles 
to fly to destination. 


If you use metro data, it will be desirable to 
check the DR position when a fix becomes 
available. To reset the ASN-7 at a fix position, 
throw the mode selector switch from Run to 
P. P. Reset. At this time the present position 
coordinate drive will stop and all changes in 
present position will be “‘stored”’ in the computer 
mechanism until the mode selector switch is 
returned to the Run position. The coordinates 
of the fix are then inserted into the computer 
with the latitude and longitude slew knobs. 
Once the fix coordinates have been set in, 
return the mode selector switch to the Run 
position. 


All changes in present position which have 
accumulated since the fix time are automatically 
applied to the fix coordinates. Therefore, the 
position display will indicate a correct aircraft 
position independent of how much time has 
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elapsed before the coordinates of the fix are 
set in. The delay in setting in the fix coordinates 
may be any reasonable time but remember, the 
correct course and distance to destination will 
not be displayed on the indicator until the fix 
is used to correct the aircraft position. 


The characteristics of the ASN-7 are out- 
lined below: 


Weight — 67.15 Ibs. 

Size — 1.077 cu. ft. 

Speed — 70 to 2,000 knots. 

Distance — Unlimited (1,000 miles on 
any one leg) 

Variation — 0 to 180 degrees East and 
West. 

Wind Force — 0 to 180 knots. 

Wind Direction — 360 degrees. 


THE ASN-8 RHO-THETA DEAD-RECKONING 
COMPUTER 


The ASN-8 is a dead-reckoning computer 
which operates either as a self-contained navi- 
gational aid, or accepts groundspeed and drift 
from a Doppler radar, or range and bearing 
information from the AN/ARN-21 TACAN 
equipment. The ASN-8 continuously computes 
and indicates bearing in degrees, and distance 
in nautical miles from one or several points. It 
solves the basic collision course intercept prob- 
lem and has provisions for Vector Add, both 
manual and by preset push button selection. 


The ASN-8.Rho-Theta computer was the 
first successful attempt to perform two im- 
portant navigational functions — position indi- 
cation, and also the indication of bearing and 
distance to fly to any desired point, fixed or 
moving. The ASN-8 was developed primarily 
for interceptor navigators and fighter pilots. 
Of chief interest is the fact that the Rho- 
Theta Computer eliminates many of the steps 
that appear necessary in rectangular, coordinate 
computers by solving the navigation problem 
entirely in polar coordinates (range and _ bear- 
ing). 

Range and bearing information is really what 
the interceptor navigator needs most, since 
knowledge of his position is really the means to 
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a destination. If the R (range) and Theta 
(bearing) are relative to some comparatively 
local point, grid navigation may be used. Thus, 
the system becomes universal in its application. 
If position is indicated in Rho-Theta coordinates, 
one indicator and one basic computing element 
can be used. 


Shifting the point of origin, by vector addition 
— still using the same computing element — 
provides homing and distance to any point. 


The use of Rho-Theta overprints, such as 
those shown on page 14-22 for position as 
well as homing to selected points on a 
chart may appear unusual, but once the con- 
cept becomes familiar you will readily see several 
advantages in using Rho-Theta coordinates 
for position indication. 


The characteristics of the ASN-8 are outlined 

below: 
Operation — 0 to 70,000 feet pressure 
altitude. 
True airspeed inputs — 100 to 1,200 knots. 
Groundspeed inputs — 100 to 1,400 knots. 
Weight — 48 pounds. 
Size — 1.8 cubic feet. 
Range—1,200 nautical miles radius. This 
may be extended when a positive posi- 
tion (fix) is determined, such as an AN- 
ARN-21 station, or by push button 
additions. 


OBD 
OUTPUTS 


41 COMPUTER 4 
INTER- 
CONNECT 
BOX 
Lp AMPLIFIER 
249 a 


ASN-S8 System Description 


As shown in the related diagram, the ASN-8 
is designed to receive automatic input signals 
of true airspeed and magnetic heading. Basic- 
ally, these signals are combined with a manu- 
ally set variation and manually set wind force 
and direction, to continuously compute and 
indicate the bearing and distance from the 
present position to a departure and/or destina- 
tion point, and the true ground track of the 
aircraft. When operating in the AN-ARN-21 





AN/ARN-21 
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INPUTS 





ASN-8 (Rho-Theta) navigational system 
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mode, the manual wind input is not necessary, 
and the equipment will display bearing and 
distance to the ARN-21 station. When using 
Doppler groundspeed and drift information, 
both the true airspeed and manually set wind 
vectors are deleted as inputs to the equipment. 


All modes of operation require magnetic 
heading and manually set variation as input 
data. The control panel contains all the manual 
operating controls of the system and the de- 
scriptive nomenclature required for the proper 
setting of the controls. There are no separate 
controls or indications for wind, since manual 
wind settings are made by using the range 
bearing slew controls. The wind in use is read 
on the Rho-Theta indicator when the indi- 
cator switch is in the W2nd position. 


The addition of any number of alternate 
destinations will be accepted by the computer, 
added one to another, and displayed on the 
indicator by the proper operation of the con- 
trols. You should remember the one restriction 
imposed on the operation of this equipment. 
The first alternate destination must be with 
respect to the home reference and all other alter- 
nate destinations must be with respect to the 
last added alternate. 


A strip of five push buttons, including four 
preset alternate reference points, is located at 
the bottom of the control panel for ease of oper- 
ation. This strip is so designed that it may be 
preset on the ground to any desired alternate. 
When the strip is removed, the computer cir- 
cuits are automatically aligned for manual 
alternate operation. When the push button 
strip is in place the manual push button must 
be depressed when it is desired to set in an al- 
ternate reference point. 


The interconnecting box is designed as a 
separate component to make it possible to 
maintain normal TACAN operation when the 
computer has been temporarily removed for 
maintenance, or when it is desired to operate 
the indicators directly from the OBD system. 
When the ASN-8 is not in operation, or when 
power failure to the set occurs, a bypass relay 
automatically couples the indicators to the 
TACAN station. 
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ID-461 Indicato: 


The ASN-8 is capable of driving either the 
ID-461 indicator, here shown, or the vertical 
needle of the ID-249 indicator for steering in- 
formation relative to a predetermined track. 


The ID-461 indicator displays the aircraft’s 
ground track, the bearing to or from the refer- 
ence point, and the distance to or from the 
reference point. The ground track is displayed 
on the rotating card opposite the fiducial mark- 
er, which represents the nose of the aircraft, 
outlined on the face of the instrument. Bearing 
information, from the present position to the 
reference point, is displayed on the calibrated 
dial opposite the rotary pointer. This bearing 
is the true course to the reference point and is 
displayed relative to ground track. 


To fly any desired course, as indicated by 
the rotating card and the rotating pointer, the 
pilot simply keeps the rotating pointer cen- 
tered at the fiducial marker regardless of the 
crab angle of the aircraft because of wind 
effect. A warning flag drops to cover the indi- 
cator when the system is not functioning. 
Another portion of this flag displays the word 
RADAR when the system is functioning with 
groundspeed and drift inputs. Distance is read 
on the four drum counter and is capable of 
indicating range from 0 to 9,999 nautical miles. 
The indicator is designed to replace the #2 
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pointer of the ID-250 or the [D-388 indicators, 
which are normally used with omnibearing and 
distance navigational systems. 


Control Panel Functions 


Before describing the operating procedures, 
we will first describe the controls on the ASN-8 
control panel. As these controls are described, 
refer to the illustration where they are each 
identified. 


1. The large lettered term INDICATOR, 
shows that this set of controls is associated with 
the presentation on the indicator. 


a. The manual add push button adds pre- 
set alternate vectors (destinations) to the present 
indicator presentation. 


b. The manual erase push button zeros the 
indicator presentation when in the manual 
alternate mode of operation and erases all 
previous manual alternate vectors in the com- 
puter. 


ec. The miles slew control slews the indicator 
distance presentation. 


d. The bearing slew control slews the indi- 
eator bearing pointer. 


2. The large lettered term INTERCEPT, 
shows these four counters and controls are 
used when in the intercept mode of operation. 
The individual counters labeled speed, track, 
range, and bearing are associated with the 
enemy’s position; direction and velocity rela- 
tive to some fixed point, such as a grid center; 
or home base. 


3. The large lettered term ALTERNATE 
DESTINATION, shows that the range bearing 
counters and controls are also used when navi- 
gating in the manual alternate destination mode. 


a. The range counter is used manually to 
set the distance of a destination point from some 
reference point. This reference point is usually 
the takeoff or some home reference point. 


b. The bearing counter is used to manually 
set the bearing of a destination point from some 
reference point. This bearing may or may not 
be measured with respect to true north, depend- 
ing on the type of chart and grid reference used. 


4. The last large lettered term ALTERNATE 
DESTINATION is associated with the strip 
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ASN-8 Control panel 


of five push buttons; four are labeled automatic 
and one manual. 


a. The manual push button is depressed 
for operation in the manual alternate destina- 
tion mode referred to in step 3. The automatic 
push kuttons 1, 2, 38, and 4 are depressed for 
preset selection of alternate destinations. These 
destinations are set on the ground by two screw 
driver adjustments near each button. The en- 
tire strip of push buttons may be replaced, in 
flight, with a new strip of alternate destinations 
for increased versatility of the system. The sys- 
tem may also be used without the push button 
strip. When the strip is removed, the circuits 
are automatically aligned for manual alternate 
operation. 


o. A manual variation control is provided for 
the input of the earth’s magnetic variation, or 
it may be employed for applying grid variation 
when using the Rho-Theta (polar coordinates) 
grid system, shown in the “Rho-Theta Grid 
Coordinate System”’ illustration. The variation 





must be kept current at each isogonal, or mid- 
variation may be applied for each leg of the 
flight if the change in variation on each leg 
is not too great. 


6. A wind tumer on-off switch is provided for 
integration of position errors in the wind chan- 
nel on a time basis to determine over-all system 
errors. This circuit has a maximum memory of 
four hours without resetting. 


7. The ARN-21 slave switch is used for slav- 
ing the home reference of the computer to a 
TACAN station. When within the range of a 
TACAN station the equipment furnishes auto- 
matic wind information. 


8. The zndicator selector allows display of the 
desired computations on the indicator in terms 
of track, bearing and distance from a reference 
point or grid center. 


a. When in the home reference position at 
09:00 o’clock the indicator will display informa- 
tion relative to the takeoff point, a grid center, 
or a TACAN ground station if the ARN-21 
slave switch is on. 


b. When in the alternate destination posi- 
tion the indicator will present information rela- 
tive to the destinations selected by either the 
pushbuttons or that selected when in the 
manual alternate destination mode. 


ec. When in the wind position the indicator 
will present the wind and/or system errors 
currently in use by the computer. The miles 
counter displays wind velocity and the bearing 
pointer shows the wind direction as ‘“‘from’’. 
The fiducial marker will still show the ground 
track being flown against the rotating card. 


d. When the indicator selector is moved 
to the intercept position the computer will 
accept information preset by the four inter- 
cept counters on the control panel. The indi- 
eator will then present collision bearing and 
distance to the moving target. 


e. The home reference position at 3:00 
o'clock is identical to that at the 09:00 o’clock 
position. This duplication of function is required 
so that the bearing and distance information 
to the home base, grid center, a TACAN sta- 


AFM 51-40 VOL Il 15 APRIL 1960 


tion may be presented by the indicator during 
the intercept problem. During the intercept 
problem the automatic push buttons may also 
be used for examination of alternate destina- 
tions. However, one restriction must be im- 
posed. To decrease the size and weight of the 
system the intercept computations are _ per- 
formed in the same integrating channels that 
are used in the manual alternate destination 
computations. Should the indicator selector be 
moved to the alternate destination position while 
performing the intercept problem, the computation 
will be lost. The indicator selector switch is, 
therefore, spring loaded so that only the znter- 
cept, wind and home reference (at 3:00 o’clock) 
positions may be used during the intercept 
mission. 


9. The power switch performs the following 
functions: 


a. In the off position, all power sources are 
disconnected and the system is completely 
inoperative. 


b. In the standby position, basic power is 
supplied for system warmup. 


c. When in the run position, the system 
functions in its normal mode of operation. The 
power switch is turned to run on the takeoff 
roll. 


d. In the memory position the indicator 
presentation is stopped but the computer con- 
tinues to function normally. The memory posi- 
tion is used when it is desired to correct the 
indicator presentation, (for example, a position 
fix has been determined and it is desired to 
slew the indicator to the correct values). The 
memory function is operative for approximately 
75 miles of distance travel, therefore, the cor- 
rections must be made and the power switch 
returned to the run position within 75 miles. 
When returned to run, the indicator will auto- 
matically slew to the up-to-date indications. 
Should you forget to return the switch to run 
before 75 miles of flight, the indicator will auto- 
matically start running but an error of 75 miles 
will exist in the indicator presentation. When the 
switch is finally returned to the run position, 
the indicator will slew to the correct up-to-date 
indications. 
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Rho-Theta grid coordinate system 


Operating Techniques 


The Rho-Theta grid coordinate system pro- 
vides the easiest method for using the ASN-8. 
The use of this system will eliminate the need 
to plot courses or measure the various angles 
along your intended course. A diagram of the 
intended experimental charts, showing a cover- 
age of the United States with two grid centers 
is here shown. 


Use of Metro Winds 


When the equipment is operated independent- 
ly of TACAN stations and Doppler radar 
groundspeed and drifts, the current metro 
wind information is used in the computations. 
Before takeoff the computer is cleared of all 
previous manual alternate computations while 
in the standby position. This is accomplished by 
depressing the manual erase push-button. The 
indicator selector switch is then placed to the 
wind position. The miles and bearing slew con- 
trols are operated to set the miles counter to 
the desired wind velocity and the bearing pointer 
to the direction the wind is from. The computer 
is now ready for operation using this preset wind 
information. 
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Home Reference Position 


Basically, the home reference position is used 
to determine course and distance information 
relative to the takeoff point or grid center. With 
preset metro wind information and the power 
switch moved to run on takeoff, the indicator 
will continuously display course and distance 
to the takeoff point as long as the flight is con- 
ducted within a 1,200-mile radius of this home 
reference. If the course and distance from a grid 
center to takeoff is slewed into the computer 
when in the home reference position, the indi- 
eator will always display course and distance 
to the grid center when the indicator switch is 
moved to the home reference position. 


Manual Alternate Destination Mode of Operation 


With the manual push button depressed and 
the indicator selector placed in the alternate 
destination position, the preset range and bear- 
ing vector is added to the computations when 
the manual add push button is depressed. When 
the addition is completed in the computer, the 
indicator will present this vector destination 
for your information. To fly to this destination, 
you simply steer the aircraft to align the bear- 





ing pointer with the fiducial marker painted on 
the indicator glass. You are now flying ground 
track and need not consider the drift since this 
information is automatically computed. 


Assuming the wind and variation information 
to be correct, you will always fly ground track 
when the bearing pointer and fiducial marker 
are aligned, regardless of the mode of operation. 
Any number of alternate destination vectors 
may be added to the computations as long as 
head to tail addition is observed. The indicator 
will always present the resultant vector of these 
additions. 


The accompanying sketch is of an experi- 
mental Rho-Theta grid coordinate system of 
the United States on a 1:2,000,000 scale chart. 
Fight individual charts cover the United States 
with grid centers located at approximately the 
geographical centers of the Denver and Cin- 
cinnati sectional charts. The grid centers are 
1,000 miles apart on these experimental charts. 
Charts III and VI, and IV and V actually cover 
the same areas but the overlapping grid coordi- 
nates are not shown. The actual grid system 
for use with this equipment will be composed 
of approximately six grid centers covering the 
United States. A Lambert conformal conic 
projection is used with standard parallels at 
33° and 45° N. latitude. Six centers are neces- 
sary to decrease the azimuth errors inherent 
with a Rho-Theta type presentation. The maxi- 
mum range covered by any one grid center 
will be approximately 500 miles. The procedure 
of navigation is not changed. The discussion 
that follows, using two grid centers may be 
studied to determine how to operate the system 
with a grid coordinate system. 


Suppose that you are planning a flight to be 
conducted entirely within the area covered by 
one of the Rho-Theta grid centers. Let’s plan 
this flight from Washington to Detroit. The 
actual vector (course and distance) may be 
measured from the chart and set in the range 
and bearing windows. When the manual add 
button is depressed, the indicator will display 
this vector. However, this procedure could 
have been accomplished without a grid system. 
The most simple procedure requires no plotting 
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equipment and may be easily accomplished 
during the flight. 


Since the flight from Washington to Detroit 
is entirely within the confines of grid center 
#1, only two vector additions need be accom- 
plished in the manual alternate mode. These 
additions must always be accomplished by head 
to tail vectors. (Note that the Rho-Theta grid 
system gives distances from the grid center 
and course information to and from the grid 
center with respect to the grid north coordi- 
nate.) The course and distance from Washing- 
ton to grid center #1 is the first to be set on the 
range and bearing counters and added to the 
computer (approximately 550 mi. at 262°). 
The course and distance from grid center #1 
to Detroit is then set on the range and bearing 
counters and added to the computer (approxi- 
mately 320 mi. at 088°). The indicator will 
now show the resultant vector, or the bearing 
and distance, from Washington to Detroit. Any 
number of vectors may be added in this manner 
as long as the addition is head to tail and future 
additions are with respect to the last computed 
vector. 


For example, suppose that at any time dur- 
ing the flight to Detroit it is decided to divert 
to Cleveland. The range and bearing from De- 
troit to Cleveland may be added directly to 
the present indicator display or, more simply, 
two more vector additions may be accomplished 
using the grid system. The course and distance 
from Detroit to the grid center to Cleveland is 
added to the computations. The indicator will 
then display bearing and distance to Cleveland, 
regardless of present position. At any time dur- 
ing the flight the indicator selector switch may 
be moved to the home reference or wind posi- 
tions for examination of course and distance 
information to the takeoff point and the velocity 
and direction of the wind currently in use. 


Another situation is a flight which cannot be 
conducted entirely within the range of one grid 
center. Such a flight may be from Dubuque to 
Salt Lake City. The procedure for vector addi- 
tion is not changed; however, the course and 
distance between grid centers must be con- 
sidered. This information is printed on the edge 
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of each individual chart. The correct procedure 
for the vector addition follows: 


1. Vector No. 1, from Dubuque to grid cen- 
ter No. 1 is set on the range and bearing coun- 
ters and is added to the computer. 


2. Vector No. 2, from grid center No. 1 to 
grid center No. 2 is set up and added. 


3. Vector No. 3, from grid center No. 2 to 
Salt Lake City is set up and added. The indi- 
eator now displays the course and distance 
from Dubuque to Salt Lake City. 


In all cases, when using the Rho-Theta grid 
system, grid variation is used instead of mag- 
netic variation. The grivation isogonals are not 
shown in the sketch. 


Rho-Theta Grid System Provides 
Automatic Push Button Destinations 


The automatic push button selector presents 
single vector destinations with respect to a 
point, that is, these preset destinations are not 
additive and all four selections are with respect 
to a point. For convenience, this reference point 
is usually the takeoff point or a grid center. 


For example, consider the Washington to 
Detroit flight discussed previously. It would be 
convenient to preset push button No. 1 to the 
course and distance from the takeoff point to 
grid center No. 1. Then, at any time during the 
flight the aircraft’s position, relative to grid 
center No. 1, can be determined by simply 
depressing this push-button. This is certainly 
the most convenient method of determining the 
aircraft’s present position relative to a known 
point. 


Suppose that a fix has been established and 
by comparison with the present position (refer- 
enced by push-button No. 1) an error is found. 
To correct the computations the following pro- 
cedure is followed: 


1. Move the power switch to the memory 
position. This stops the counters and _ inter- 
rupts the wind timer circuit for integration of 
the error on a time basis. 


2. With the indicator displaying bearing and 
distance to the grid center (push button No. 1) 
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the indicator slew controls are operated to bring 
the present position up-to-date. 


3. The power switch is then returned to the 
run position and the indicator now presents the 
correct ground position, in all modes of opera- 
tion. 


When the indicator selector is moved to the 
wind position the indicator will display the wind 
currently in use, plus all system errors. Since 
the wind timer circuit is switched on when a 
positive fix is obtained, it is assumed that the 
timer switch was turned ON during the takeoff 
roll at Washington. Recall that the timing 
function is of four hours duration only. How- 
ever, when the power switch is moved to the 
memory position to allow slewing of present 
position, the wind timer circuit is automatically 
reset and an additional four hours are available 
in the timer. 


Push buttons Nos. 2, 3, and 4 may conven- 
iently be set to any desired alternates with 
respect to the takeoff point; for example, No. 
2 may be set to course and distance to Cleve- 
land; No. 3 course and distance to New York; 
No. 4 may be to Boston, and so forth. All 
of these automatic destinations may be examined 
at any time during the flight. 


The ARN-21 Slave 


When within the line-of-sight range of a 
TACAN station the home reference of the com- 
putations may be slaved, or offset, by the 
bearing and distance from the actual takeoff 
point to the ground station, by switching the 
AN/ARN-Z21 slave control on and tuning the 
ARN-Z21 receiver to the desired station. Since 
the home reference and geographical location 
of the TACAN are identical, as far as the com- 
puter is concerned, navigation when slaved to 
the ground station must be with respect to 
TACAN. For example, again refer to the re- 
lated sketch. Suppose that a flight is desired 
from Austin to Del Rio and a TACAN is avail- 
able at San Antonio. With the ARN-21 slaved 
and when operating in the manual alternate 
destination mode, this procedure should be 
followed: 








1. Set in the vector from San Antonio to grid 
center No. 2. 


2. Set in the vector from grid center No. 2 
to Del Rio. The indicator will then display the 
course and distance to be flown from Austin 
to Del Rio. Moving the indicator selector to the 
home reference position will now display course 
and distance to the TACAN location, San 
Antonio. 


The ARN-21 slaving also provides an auto- 
matic wind determination. When slaving 1s 
initiated the computed home reference outputs 
are compared with the TACAN course and 
distance outputs. In this manner, any initial 
position error in the computer is eliminated. 
As soon as the two position outputs are brought 
to zero, a rate comparison is automatically 
substituted and any further tendency toward 
deviation of these positions is incorporated as 
wind plus system error, and displayed on the 
indicator when in the wind position. If at any 
time the TACAN signals are lost, warning volt- 
ages disconnect the slaving link but leave the 
last wind data set in the computer. As soon as 
the signals are restored the computer corrects 
distance errors, if any, and again reverts to 
continuous rate comparison for wind determina- 
tion. 


Groundspeed and Drift Information from 
Doppler 


When a _ Doppler system such as_ the 
AN/APN-81 is used, the true airspeed signals 
and manual wind inputs are abandoned and the 
equipment will accept the radar groundspeed 
and drift information. To accomplish this 
switch over, the indicator selector is moved to 
the wind position and the range slewing con- 
tro] 1s operated to slew the miles counter of the 
indicator to zero. Holding the slewing control 
to its decrease position when the indicator is 
zeroed will cause a flag to drop across the dis- 
tance counter. This flag is labeled radar. The 
equipment is now free to accept the radar inputs. 
Moving the indicator selector to its other posi- 
tions then raises the flag so the mileage counter 
is visible but still leaves the equipment in the 
radar mode. To go back to the normal mode of 
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operation the indicator range is slewed, in the 
wind position, to raise the radar flag. The in- 
put accuracies are greatly increased by using 
Doppler information. 


DOPPLER RADAR SYSTEMS 


Doppler radar is the basis for several self- 
contained systems which automatically compute 
drift and groundspeed. The Doppler systems 
ean be thought of as electronic driftmeters. 


The Doppler effect was discovered by Chris- 
tian Johann Doppler in 1842. This effect, stated 
simply, is an apparent change in frequency of 
radiant energy when there is relative motion 
between the transmitter and receiver. The 
Doppler effect applies to all wave motion in- 
cluding electromagnetic, light, and sound. The 
effect on sound waves can be observed by listen- 
ing to the whistle of a passing train. As the 
train approaches, its whistle as heard by a sta- 
tionary observer has a fairly steady pitch, that 
is, higher than the true pitch. As the train 
passes, the pitch drops quickly to a frequency 
below the true pitch and remains at approxi- 
mately the lower value as the train moves away 
from the observer. 


The change in pitch, which is a change in 
frequency, is due to the relative motion between 
the train and the observer. Moreover, the degree 
of change is proportional to the relative velocity 
between the two. It should be noted that this 
is an apparent change in frequency. For example, 
an observer riding on the train does not hear 
the change in the pitch, while at the same time 
the observer standing beside the track does 
hear the change. 


Study the following analysis of the train 
example while referring to the referenced dia- 
gram. First, consider the basic reason for the 
frequency shift. Assume the train is traveling 
at a constant velocity of 50 feet per second. 
At Point A the whistle is started and it emits 
a sound of 200 cycles per second. This means 
there will be 200 wave fronts emitted every 
second. And since sound travels at the rate of 
1,100 feet per second, there will be 200 wave 
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fronts filling a distance of 1,100 feet at the end 
of one second. However, since the train is mov- 
ing, at the end of the first second it is now at 
A’. Therefore, the 200 wave fronts now fill a 
space of 1,100 feet minus the 50 feet the train 
has traveled. 


The formula for determining frequency 1s: 
speed of propagated signal 
i 
Wave length 


The speed of sound, as previously stated, is 
1,100 feet per second. The wave length, which 
is defined as the distance between successive 
wave fronts, can be determined by dividing the 
number of wave fronts per second into the dis- 
tance one wave front will travel in a second, 
which is 1,100 feet. 


At point A, the frequency was given as 200 
cycles per second. However, at point A’ the 
200 wave fronts occupy a space of 1,050 feet 


1050 
which makes the wave length equal —— or 5.25 


200 
feet. Substituting in the formula for frequency: 
[-— =210 cycles per second. Therefore, it 


ean be seen that because of the motion of the 
train, the frequency of the whistle is increased 
from 200 to 210 cycles per second. This action 
can be simply thought of as a compression of 
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the wave fronts by the motion of the train. It 
follows then that as the train goes away from 
the observer, the wave fronts will be stretched 
and the apparent frequency will be lower than 
the actual frequency. 


This was basically the problem confronting 
Doppler. He knew of this relationship between 
frequency and velocity; however, there were 
other variables in this problem. What was the 
speed of propagation? What was the frequency 
being transmitted? How much did the frequency 
change, and finally the resultant; how fast was 
the carrying vehicle moving? 

With these factors at hand, Doppler arranged 
them into an equation. The results of which are: 


Aan 
c 


Where Af equals the change in frequency. 
(In our example, the change in 
pitch) v is equal to the unknown, 
or the velocity of the carrying ve- 
hicle. 


c is equal to the speed of propaga- 
tion (speed of sound). 
f, is equal to the transmitted fre- 
quency. 
By using the Doppler principle in an air- 
borne application we can measure the speed of 
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Reflected energy is shifted in frequency 


the aircraft over the ground. However, audio 
frequencies are not practical in this applica- 
tion for a number of obvious reasons. What is 
needed is a silent medium whose speed of propa- 
gation is quite fast. Radio frequencies are ideal. 
The development cf electronics has reached 
the stage where it is now possible to measure 
time in microseconds and frequency change to 
the “‘Nth’’ degree. 


Using RF instead of audio has not changed 
Doppler’s basic formula, Af = “fe but only its 


parameters. This formula concerns itself with 
the frequency change caused by a moving source 
as noted by a stationary observer. If the ob- 
server were to approach the source at the same 
speed as the source was moving, the rate of 
closure would be doubled and Af would double. 
To determine the speed of the source, the basic 
formula must be modified into: 


Apaos. 
Cc 


In an airborne installation, the transmitter 
and receiver are located in the same aircraft; 
therefore, we use the above modification of 
Doppler’s formula. 


We must investigate at what angle we wish 
this RF to be propagated. Since it is our hori- 


zontal speed we wish to measure, the energy 
should be propagated parallel to the ground. 
This is impractical since there would be no re- 
flection of energy. The solution lies in directing 
the energy at some known angle gamma (vy) 
from the horizontal. The velocity measured 
along this line of sight is multiplied by the co- 
sine of gamma (vy) to obtain the horizontal 
component. The modified formula which must 
be instrumented in the computer is now: 


V 
Af=2- fi COs Y 


Note in the sketch that energy is directed 
toward the ground at a fixed angle (gamma). 
Since the aircraft is moving forward at a velocity 
(v) along the line (vg), the energy will reach 
Point B sooner than if we were still sitting at 
point A. 


We find that there are only two variables in 
the formula: The change in frequency Af; 
and v, the speed of the aircraft. All the other 
factors are constants. So, we can say that (v), 
the velocity vector of the aircraft, is directly 
related to the change in (f) or Af. 


Efforts aimed at putting the Doppler effect 
to work measuring GS and drift began in rela- 
tively recent years. The Navy showed an in- 
terest in 1933 and personnel of the Naval Re- 
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search Laboratory actually flew experimental 
equipment as early as 1945. These early attempts 
were concerned primarily with the detection of 
the Doppler frequency. About the same time, 
researchers at the radiation laboratory at MIT 
were measuring drift angle which is a Doppler 
phenomenon. This technique was used in con- 
junction with the AN/APS 15. The Q-138 was 
also used. 


The systems which employed this principle 
were modified so that their scan could be con- 
trolled within very narrow limits. It was found 
that if the antenna was aligned along the track 
of the aircraft, a reduction in glitter effect was 
evident. The maximum glitter effect mentioned 
was nothing more than the echoes of RF energy 
converted to electrical energy and viewed on 
the scope. The procedure was this: The navi- 
gator would align his sweep along his approxi- 
mate track and slowly rotate it from side to 
side a few degrees at a time until the apparent 
motion along the sweep became nil. At this 
point, the sweep was aligned along track. Of 
course, he had no way of determining his ground- 
speed with this method. 


The early attempts at finding drift angle 
with the APQ-13 radar set are mentioned for 
only one reason: To point out that this principle 
was of value in the basic design of the first 
Doppler radar sets. The principle of determining 
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the drift angle with the present Dopplers is 
to mount either two fixed or rotatable antennas 
under the aircraft, directed downward at an 
angle gamma. In the accompanying example 
the ‘fixed antenna method is illustrated. The R 
frequency is electrically balanced with the ampli- 
tude of the L frequency. Difference in ampli- 
tude and frequency values are converted to 
electrical values which position an indicator 
needle to indicate drift. 


Note the illustration where a top view of a 
movable antenna assembly is shown. The prob- 
lem is relatively simple. The antenna is either 
manually nulled or it automatically seeks a 
null position. This null occurs when the fre- 
quency change from the signal pattern under 
the right wing is balanced with the frequency 
change of the pattern under the left wing. When 
this happens the frequency change pattern is 


Vc 
2Af 
Af 
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Antenna rotates until frequency shift from both beams 
is equal 
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aligned along the velocity vector, or track of 
the aircraft. 


DESIGN CHARACTERISTICS 


Basically, a self-contained Doppler system 
finds the aircraft velocity vector relative to the 
earth’s surface. Since the aircraft has three- 
dimensional freedom, this vector has both 
horizontal and vertical components. 


Known Doppler radars are designed to extract 
the horizontal components of the total velocity 
vector. They do this by sensing the three 
orthagonal (right angle) components of total 
velocity, when combined with heading and 
vertical information, the resultant will be 
groundspeed and drift angle. A Doppler system 
works by sending narrow beams of energy to- 
ward the earth’s surface, receiving a portion of 
the back scattered energy, and measuring the 
frequency shift between the transmitted and 
received signals. 


To accomplish the above tasks, a basic Dop- 
pler system must contain: 


1. Antenna. 
2. Transmitter-Receiver. 


3. A frequency measuring device used to de- 
tect the change in frequency. 


4. A summing circuit, or computing device 
to measure the velocity vectors. 


5. A coordinate converter to take the inputs 
of heading, velocity vector, altitude, and so forth, 
and convert them to drift angle and ground- 
speed. 


The transmitter sends out a beam of energy 
at an angle gamma from the direction of the 
aircraft’s velocity vector (vg). It is evident 


from the equation (Af = 22h cos y) that Af 


is a measure of the velocity (v) since other 
quantities occuring in the right-hand member 
of the equation are known. 


It should be noticed that all energy reflected 
or back scattered from the ground at an angle 
gamma undergoes the same Doppler frequency 
shift (Af); now let us draw the intersections 
with the ground, of families of beams having 
constant gamma angles or zso-dops. These in- 
tersections are hyperbolas, or iso-dops of equal 
Doppler frequency shift. Consider the follow- 
ing three situations. In number one, assume 
that we are observers looking straight down 
from above on the airborne transmitter labeled 
A in the associated sketch. The transmitter is 
traveling in the direction indicated by the veloci- 
ty vector Vg. In the center, we see the constant 
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frequency contour for a gamma angle of 90°. 

This is a zero Doppler frequency contour be- 

cause there is no relative velocity between the 

transmitter and the ground. That is, fora gamma 

A angle of 90° the frequency shift (Af) equals 
re zero. The other contours are for values of gamma 
angle less than 90°. The lines ahead of the 
transmitter are loci of echo sources having an 
increased frequency over those transmitted. 
FREQUENCY The smaller the angle gamma, the greater the 

frequency shift. 


Af 2Af 
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Let us project a small pencil beam from A to 
the ground at B. The energy is essentially con- 
fined inside the elipse at B. It is evident that 
the signals within the beam B scattered from 
the ground nearest the transmitter are charac- 
70° 80° 90° 80° 70° terized by a larger gamma angle and smaller 
frequency shift than those farther out. Now, 
let us take a look at our second example; once 
again we have plotted the constant frequency 
hyperbolae. However, in this case, there are 
two beams of energy transmitted in two direc- 
tions. It can be seen from an examination of 

Vo the diagram that one beam is directed left and 
the other right. A constant angle is maintained 
between the left and the right beams. If while 
maintaining this angle the whole assembly is 
moved, note that the frequencies will also 
change. 


Smaller angle ——greater frequency shift 





CASE B 
—2Af —Aft 0 At 2Af | ; 
In the diagram, (Case C), the assembly is 


Aircrafts track bisects angle rotated until the left and right frequencies are 
equal. In this situation, it is obvious that the 
bisector of the angle theta les in the direc- 

3 tion of the velocity vector (vg). 
070° 080° 090° 080° 070° 
CASE C 

In brief then, by measuring Af we can deter- 
mine the groundspeed of the aircraft; and by 
servoing a 2-beam antenna system until equal 
Doppler frequencies are received from each, we 
can measure drift angle. It is also possible to 
Vo measure drift angle with a fixed 2-beam assem- 
bly by measuring the Doppler frequency shift 
between each antenna beam. In this ease, the 
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measurement rather than from the null method 
shown. 


Many Doppler sets employ the ‘“Janus’’ 
effect, which uses a pair of beams 180° apart 
with both beams radiating simultaneously. The 
frequency shift of the forward beam is positive, 
while the frequency shift of the rear beam is 
negative. The velocity vectors are obtained 
by taking the algebraic difference between the 
two beams. 


Systems developed by General Precision Labo- 
ratories and Marconi use a four-beam double 
“Janus”: diagonally opposite beams are radi- 
ated in pairs alternately. 


Problems Associated with Design 


In any electronic device there are some 
problems which must be overcome by the manu- 
facturer and Doppler is by no means an excep- 
tion to this rule. In addition to the basic prob- 
lems associated with radar, Doppler has some 
peculiar problems of its own. A discussion of 
some of the problems involved follows. 


STABILIZATION. To determine drift angle we 
used a pair of beams and rotated them until they 
detected the same Af. If the beams are both 
forward looking, then roll of the aircraft will 
disturb the balance between the Af’s. If the 
beams are directed fore and aft, pitch of the 
aircraft will produce the same result. In each 
ease, erroneous drift readings or groundspeed 
errors will result if the antenna array rebalances 
the Af’s. 


One solution to this problem is to stabilize 
the antenna. Another solution is to use multiple 
beams as the GPL and Marconi systems do. In 
the first case, the aircraft is in straight and 
level flight. 


Drift is determined by comparing beams 1 
and 4 average Af with beams 2 and 8 average 
Af and balancing them out. Groundspeed 
is obtained by using the average Af. In the second 
case, the aircraft has rolled right wing down. 


It can be seen that even though the antenna 
is not stabilized, by comparing beams 1 and 4 
with beams 2 and 3 we have changed neither 
drift nor groundspeed. In the third case, the 
aircraft has pitched nose up. 
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HALF 





PULSED 


Three type of Doppler transmission 


By the same analysis, it can be seen that, 
theoretically, pitch will not affect system ac- 
curacy. 


LEAKAGE. The problem with leakage is most 
critical if a CW system is to be utilized. With 
CW transmission, the transmitter and receiver 
are working constantly and there is seepage of 
transmitted energy into the receiver section. 
We can separate the antennas to prevent 
this from happening, however, the leakage path 
length from the transmitter to the receiver is 
very critical. With these facts in mind, very 
few systems use the pure CW system. 


Most systems use a form of pulsed transmis- 
sion. In pulsed transmission, only one antenna 
is used to transmit and receive. No leakage 
problem exists since there is a time lapse between 
the transmission and reception of RF energy. 
In addition to this, TR and ATR tubes are 
inserted in the wave guide to protect the re- 
ceiver section. 


One system that has the advantages of both 
the CW and pulsed systems is a half duty cycle 
CW, which if analyzed would look very similar 
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to the pulsed form of transmission here sketched. 


SEA STATE SWITCH. The most difficult scatter- 
ing surface for the system to operate over is 
water; the return varies with the state of the 
sea — the rougher the sea the better the return. 
Calm seas are a problem because they are a very 
poor scattering medium, but rough seas are 
a problem, tvo. Researchers point out that 
variation between angle of incidence versus 
reflection will cause skewing or spectrum shift. 
The shift is proportional to the gamma angle. 
To compensate for this effect, most sets have a 
“‘sea”’ switch which changes the conversion of 
frequency to speed by a certain percentage. 


Water currents can also cause incorrect speed 
measurement. This has not been compensated 
for thus far. 


Basic CW Type of Transmission 


Without considering the problems common 
to any one CW Doppler, we will develop one 
sample CW system. 


In the related diagram, we have used separa- 
tion of the antennas rather than a duplexer 
system. We transmit at a known frequency. 
For example, we will use 8800 mc=f;. We will 
receive this same frequency plus or minus the 
frequency deviation (freq. shift). The trans- 
mitted (f:) and received frequency (f.+fa) 
are both passed to a mixer tuned to 60 mc below 
the transmitted frequency. This intermediate 
frequency (IF) plus the frequency deviation is 
passed on to a pre-IF amplifier which filters out 
the basic IF frequency, leaving only the fre- 
quency deviation (fa) which is sent to a Fre- 
quency Tracker. For a given deviation, the out- 
put is a given velocity, which is what we are 
solving. Some variations in this system are: 


To eliminate pulses arriving in the mixer 
constantly, we can vary the duty cycle. 


Instead of two antennas, we can use one 
antenna with a duplexer and a tuned local 
oscillator as the receiver. Advantages of this 
system are: there are no altitude or speed limi- 
tations (except those established by the Fre- 
quency Tracker). 








Pulsed Transmission 


In the study of pulsed transmission, we might 
consider the basic radar set and its components. 


1. Power supply. 

2. Transmitter-Receiver. 
3. Antenna. 

4, Indicator. 


5. Timer (the timer may be a secondary 
power supply, i.e., modulator). 


The modulator sets up the PRF and PW of 
the transmission cycle as well as determines 
the T. or initial firing time of the pulse. Elec- 
trical energy is sent to the transmitter (R-T 
unit) and converted to RF energy; then it is 
radiated by the antenna at a set frequency. 
Energy is returned from the ground, mixed and 
amplified, converted back to electrical energy, 
and sent to the indicator. By knowing the time 
it takes for energy to reach a point and return, 
we can determine the distance to that point. 


ANTENNA 


EE 
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Basic CW Doppler system 
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In the study of Doppler systems, some im- 
portant differences between it and the ordi- 
nary radar set must be pointed out. The radar 
set uses only one antenna. Through a complex 
duplexing system, energy can be sent out and 
received through this one antenna. Although 
some Dopplers do use one antenna, most of the 
systems require two or more. This is to elimi- 
nate the leakage problem mentioned previously. 
In radar, we were concerned with the altitude 
hole, because of distortion. 


In the pulsed Doppler system, the problem is 
signal to noise (S/N), ratio, which is the ratio 
of the amplitude of the desired radio signal at 
any point to the amplitude of noise at the same 
point. The higher the signal to noise ratio, the 
less the interference with reception. This is 
measured in decibels (DB). If the S/N is too 
low, the set is unusable at certain altitudes and 
speeds. One way this has been eliminated is to 
vary the PRF with altitude by using a special 
barometric sensing device. 
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AFT 


VELOCITY 


The fore and aft Janus system 


Coherent Pulsed (Internal Coherence Janus) 


The coherent pulsed system uses two trans- 
mission paths, one serving as a reference for 
the other. The fore and aft Janus system, as 
shown, has a number of attractive features 
for derivation of the horizontal component 
only. A pulsed oscillator produces incoherent 
pulses that are transmitted fore and aft by at 
least a pair of antennas to insure simultaneous 
fore and aft returns. 


The system will be of special interest, since 
it is now in operation on aircraft. In the “Janus” 


type of system, the modulator supplies the 
t. and power to the transmitter which sends out 
f, along two spearate paths. 

The accompanying schematic diagram de- 
picts a lightweight Doppler currently being 
installed in Air Force aircraft. Note that the 
antenna, receiver, and transmitter are housed 
in one unit (ART). The ART utilizes a wave- 
guide and duplexing system similar to the or- 
dinary X-band radar. The radiation system is 
four pulsed, and is stabilized to +30 me. 
The angle gamma is 68° from the horizontal, 
the set uses a 25% duty cycle. 
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The ART unit has four plug-in assemblies: 
Preamp, AFC amplifier, check oscillator, and 
noise modulated driver-gate generator. The 
antenna is comprised of eight slotted wave- 
guides. It is wholly illuminated during each 
transmitter pulse. 


To operate this system, the power switch is 
turned to Norm, and the slew switch is used to 
set approximate drift and groundspeed. When 
the system is stabilized, the Off flags disappear 
and the system begins automatic operation. 
A 1-CPS timer switches the beam pattern alter- 
nately from left to right in diagonal pairs. 
Energy returned from the ground is hetrodyned 
to 60 mc in the mixer, amplified, detected and 
reduced to an audio spectrum. After further 
amplification, the phase of the signal is sensed 
by the comparator, and the error signal output 
is furnished to the groundspeed and drift angle 
amplifiers. The groundspeed error signal is 
phase-detected against a one CPS reference 
voltage. The resulting error signal after ampli- 
fication drives the azimuth motor to position 
the antenna. A servo followup drives a drift 
angle indication to display azimuth signal and 
actuates a motor to position the speed counter. 


Some technical characteristics of this system 
are: Accuracy — better than 5 knots of actual 
groundspeed and one-half degree of actual drift. 
Altitude limit — from 200 ft. to 70,000 ft. 
Weight — totals less than 90 Ibs. 


It is rather dificult to imagine a flat surface 
as appears in the sketch, having a three-dimen- 
sional aspect. The aireraft is flying along the 
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line Vg. You can see that the forward right and 
aft left beams of energy are balanced. 


Janus transmission has the advantage of us- 
ing one pair of energy returning beams to serve 
as a reference for the other set. 


Computers 


Thus far, we have limited our discussion to 
the basic sensing element of the Doppler radar, 
drift angle, and groundspeed measurement. If 
these measurements can be made, it is apparent 
that the information can be combined with 
heading information to provide continuous dead- 
reckoning, thus presenting a continuous dis- 
play of position in any desired coordinate posi- 
tioning system. The following is an explanation 
of the process involved. 


Drift angle is added to true heading, giving 
the true ground track direction. 


Groundspeed is resolved about the ground 
track angle, giving north-south and east-west 
components of velocity. 


By integrating the component velocities, the 
distance traveled in the N-S E-W direction can 
be computed. This provides data on position. 


By multiplying the east-west data by the 
secant of the N-S data (Lat) the E-W data 
becomes longitude. 


If the above process is carried out continu- 
ously, the computer would determine position 
continuously, relative tc the point of departure. 
At the present time, many dead reckoning com- 
puters are in existence which can, at least in 
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One pair of beams acts as reference 
for other pair 





theory, accommodate Doppler data. Only a 
few such computers have been designed to ac- 
cept these data. One such computer is the 
AN /ASN-7, designed and built by the Ford 
Instrument Company, connecting a Doppler 
radar with this computer which provides lati- 
tude and longitude of present position, and 
course and distance to each of several desired 
destinations. 


Another such instrument is the APN-95, 
similar in many respects to the ASN-7. Some 
computers measure rhumb-line course and dis- 
tance, while other computers measure great 
circle course and distance. 


Current Doppler Radar Sets and 
The Aircraft for Which Planned 


1. Some of the characteristics common to 
all Dopplers: 


a. Stabilized in pitch and roll to +20°. 


b. Transmitted frequency ranges 8,800 me 
to 18,500 me. 


ce. I. F. ranges 30 me to 60 me. 


d. Frequency measurement (determine f.) 
automatic on all but APN-102. 


e. Error about 1.10% on all Dopplers. 


f. Speed ranges 0-1500k; varies with sys- 
tem. 


2. Some uncommon characteristics: 
a. Cost, $40,000 to $100,000. 
b. Computers. 
ce. Input data. 


d. Magnetic reference. 


APN-79 


Built by General Electric, it is a CW type of 
Doppler, weighs 170 pounds, and is planned for 
interceptor aircraft. It is in production now. 
It operates at 13,500 me; has no provision for 
track indication; and uses fixed antenna. Earth 
rate directional reference is used as heading 
information instead of magnetic lines of force. 
Its altitude limit is 0 to 70,000 feet. 
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APN-66, APN-81, AND APN-82 


Built by General Precision Laboratory, this 
system is quite heavy (745 pounds), and costly. 
The ANP-66 is a pulsed system which uses the 
“Janus” principle of transmission. It presents 
groundspeed and drift. Its limits are: altitude 
500 to 70,000 feet; speed 70 to 700k. It measures 
frequency and track simultaneously. Using air- 
craft: RB-66, KC-135 (APN-82c), WB-50, 
C-130, and B-52. 


APN-96 AND APN-102 


Also a GPL piece of equipment, these sets 
have many properties common to both. Trans- 
mit at 8,800 me, both pulsed system. Uses the 
“Janus” system. 60 mc IF. Limits are: altitude 
500 to 70,000 feet; speed 70 to 700k. The “102” 
is sometimes referred to as “‘Radan’’. Its cost 
is $40,000. Using aircraft are: The F-100 and 
other interceptor-type aircraft: 


APN-105 


The APN-105 transmits at approximately 
10,000 me and uses a variable PRF to eliminate 
the altitude hole. It has, perhaps, the widest 
capacity as far as limits are concerned — alti- 
tude 0 to 80,000 feet, and speed 100 to 1,500k. 
It is comparatively light, weighing 270 pounds. 
With the ranges given, it could easily be used 
in helicopter work and century series aircraft. 
The cost is $100,000. 


Doppler Uses in Current Operation 


Since the two primary outputs of Doppler 
are drift angle and groundspeed, it is obvious 
that any navigation problem which requires 
either of these components in its solution re- 
ceived a boon with the innovation of Doppler. 


Let us examine the navigation problem, dis- 
counting basic DR, which the Doppler solves 
in its entirety. In celestial navigation, much 
depends on the accuracy of the DR position — 
with Doppler we have a DR that is within 1% of 
the distance flown. 


In flying over unfriendly territory, Doppler 
with its high unsusceptibility to enemy jamming 
(because of the limited transmission path) will 
allow combat crews to maintain radar silence 
until nearing the target area. Once within the 
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area, the components of latitudes and longitude 
supplied by the GPI computer (from informa- 
tion furnished by the Doppler) will provide an 
accurate DR position, and then the radar can 
be turned on while performing the bomb run. 
Even on the bomb run Doppler can be helpful 
— by supplying drift angle, the aircraft can be 
crabbed along the intended track and on the 
desired attack angle. Thus, if the radar is 
jammed or malfunctions, very precise emer- 
gency procedures can be exercised. 


Assuming a combat situation, with the neces- 
sary radio and radar silence, air refueling re- 
quires precise navigation on the part of the 
tanker and receiver. Doppler once again has 
proved that it possesses the accuracy desired 
to enable successful rendezvous. 


One current operational use of Doppler is its 
employment in the field of meteorology. 


Predicting the location and duration of a 
jet stream is a difficult assignment. Jet stream 
formation has been predicted by weather fore- 
casters for a number of years. However, it still 
remains the job of the flying crew member to 
seek out the jet core and stay within the cen- 
ter of greatest tail winds. In this respect Dop- 
pler is ideal. If a jet stream can be predicted 
at a certain altitude, and since its direction is 
west to east, an aircraft equipped with Doppler 
could fly on a north-south heading until maxi- 
mum drift was experienced, then by watching 
the groundspeed indicator the navigator could 
take advantage of the core of the jet. Hereto- 
fore, groundspeed obtained between fixes or 
winds from radar were the only methods of 
determining the greatest tail wind. 


The future possibilities of Doppler radar are 
unlimited. Most of the instrument companies 
are gearing toward this market, and, as the mar- 
ket for Doppler increases, the cost of the instru- 
ment will decrease proportionately. At the 
present time, Doppler sets are available from 
$20,000 for the lightweight, smaller sets, planned 
for the commercial airlines, to over $100,000 for 
the heavy-duty, complex sets on order by the 
Air Force. Doppler sets are comparatively easy 
to build and are well suited for assembly line 
techniques. Since they are small and lightweight, 
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they can easily be used as guidance systems for 
missiles and other weapons. 


INERTIAL NAVIGATION 


Today, inertial navigation is in its formative 
years. Air Force security classification prevents 
disclosure of many operational techniques; 
therefore this discussion will include only prin- 
ciple, and leave the more detailed explanations 
to classified manuals. 


Inertial navigation is now accepted as the 
ultimate in navigation systems. In theory, this 
is understandable because inertial guidance 
derives its basis from Newton’s “Second Law 
of Motion’; but in practice there are two rea- 
sons why the military establishment is placing 
more and more emphasis on inertial navigation. 


1. An inertial system neither transmits nor 
receives any signal; hence it is not affected by 
enemy countermeasures. 


2. There is no theoretical accuracy limitation 
in an inertial system. Only technology and 
manufacturing precision can be considered as 
present factors effecting over-all accuracy. 


The principles of inertial are not tantamount 
to dead reckoning. In the latter it 1s necessary 
to solve for airspeed and wind velocity, whereas 
in the former all that is required is acceleration. 
If acceleration is to be meaningful, it must be 
computed relative to the earth so that all rela- 
tionships are with respect to the earth, and not 
solely with respect to inertial space. 


It has long been known that if acceleration is 
integrated with respect to time, velocity re- 
sults. 


Velocity = f a dt 
or V =at 


It is also true that if the first integral of ac- 
celeration (i.e. velocity) is again integrated, 
distance is obtained. 


Distance=ffa (dt)?=fat dt= at? 
Thus, any inertial system is based on the 


integration of acceleration to obtain velocity 
and distance. Because acceleration is a vector 


quantity, it is possible not only to obtain mag- 
nitudes but also direction. This, in essence, 
is why inertial can solve the navigation problem. 


In practice this can be seen if we consider 
an automobile that is accelerating at 5 ft/sec’. 
After twenty seconds the car is traveling at a 
velocity of 100 ft/sec. 


v=at 
v=5 ft/sec? x20 sec=100 ft/sec 


As it is possible to obtain acceleration with 
accelerometers, it can be seen that distance 
traveled from departure can be obtained through 
the double intergration of the acceleration signal. 


THE BASIC INERTIAL SYSTEM 


There are four basic components in any 
inertial navigation system: 


1. A stable platform which is oriented to 
maintain the accelerometers horizontal to the 
earth and provide azimuth orientation. 


2. The accelerometers arranged on the 
platform to supply specific components of 
acceleration. 


3. The integrators which receive the out- 
put from the accelerometers and furnish veloc- 
ity and distance. 


4. A computer which receives the signals 
from the integrators and changes distance 
traveled, to position in the selected coordinates. 


The associated schematic diagram shows how 
these components are linked together to solve 
the navigation problem. 
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The diagram shows only one channel, but 
an operating unit would require at least two. 
For simplicity’s sake, however, it is not neces- 
sary to show more than one, for the operation 
of the other channels would be similar to the 
first. 


From the diagram it can be seen that the 
accelerometers are maintained horizontal to 
the earth by means of a gyro stabilized plat- 
form. As the aircraft accelerates, a signal is 
transmitted from the accelerometer to the inte- 
grators which in turn perform a process of 
double integration. The output of the second 
integrator, or distance, is then fed into the 
computer where two operations are performed. 
First, a position is determined in relation to the 
reference system that is used; and second, a 
signal is sent back to the platform to position 
the accelerometer horizontal to the earth. 


The Inertial Reference System 


The frame of reference, or reference system of 
an inertial navigation unit, is important for 
it will govern to some degree the uses of the 
system. While the geographical coordinate sys- 
tem with north reference is the most common in 
standard navigation practice, this is by no means 
the only system that is used for inertial. 


If it is decided to use a north oriented sys- 
tem, it is required that one accelerometer be 
mounted on the stabilized platform aligned to 
north and the other accelerometer mounted 
90° from the first to sense east-west accelera- 
tions. With this configuration, any movement 
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of the system could indicate distance traveled 
east-west and north-south. While distance 
north-south is simply converted to coordinates 
by dividing miles traveled by 60 to obtain de- 
grees, the east-west travel requires that dis- 
tance be multiplied by secant of latitude and 
divided by 60 to obtain degrees east-west. This 
process is required to account for the conver- 
gence of meridians, and is performed by the 
computers. 


While it is convenient to use latitude and 
longitude as the reference frame, there are cer- 
tain disadvantages involved. Because of the 
problems associated with convergency at high 
latitude, this system is not adaptable for trans- 
polar operation. 


It is possible, however, to offset the pole to 
a point on the equator. This 90° offset method 
will then result in the polar areas being covered 
by a square grid. While this may appear cum- 
bersome, it should be remembered that there 
is no specific reason to use a north oriented sys- 
tem, for no external reference such as a mag- 
netic north is used. 


While not as useful for manned aircraft as 
the more conventional reference systems de- 
scribed above, the guidance plane coordinate 
system has certain advantages — particularly 
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in the field of missiles. This system determines 
acceleration along and across a desired track, 
and provides distance flown along track from a 
surveyed departure point. 


In a system of this type it 1s necessary to 
program the flight path so that when the com- 
puter indicates the desired distance, the desti- 
nation is reached. The guzdance plane system 
is ideal in another way for any offcourse signals 
can be fed through servos to the rudder control 
to return the vehicle to the planned trajectory. 


Factors Affecting the Inertial System 


The key to a successful inertial system is 
absolute accuracy in measuring horizontal 
accelerations. It 1s extremely important that the 
accelerometers be kept horizontal constantly. 
Even a slight tilt will introduce a component 
of the earth’s gravitational field and an incorrect 
acceleration will be measured. The effect of 
even a one-foot tilt is shown in the accompany- 
ing sketch. 


Keeping the accelerometers level is the job 
of the feedback circuit. The computer calculates 
distance traveled and, via the feedback link, 
cranks the accelerometer package through an 
equivalent arc. For example, if an_ inertial 
package was moving north-south, it would be 





Effect of accelerometer tilt 
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Effect of earth rotation on the gravity field 


rotated through a 1’ are along the axis for every 
mile traveled. If the travel is east-west, the 
corrective arc would be equal to distance 
traveled times cosine latitude. Unfortunately, 
this is an over-simplification for the problem 
of aligning the accelerometers via feedback is 
complicated by the following factors: 


1. The earth is not a sphere but an oblate 
spheroid or geoid. 


2. The rotation of the earth produces a 
centrifugal force which deflects the specific 
force of gravity. 


3. Because the earth is not a smooth sur- 
face, there are local deviations in the direction 
of gravity. 


The feedback circuit described previously 
operated on the premise that arc traversed was 
proportional to distance traveled. However, 
according to our definition of a nautical mile 
(are distance subtended by an arc of 1’ at the 
center of curvature of a point on the surface 
of the earth) it varies considerably because of 
the earth’s shape and is greatest at the poles. 
To keep the accelerometers horizontal the com- 
puter must solve for this irregularity in convert- 
ing distance to arc. If this is not done, errors in 
alignment can be as high as 11’. 


Celestial navigators will recognize that the 
accelerometers are kept level relative to as- 
tronomical rather than geocentric latitude. These 
terms are explained in the referenced diagram. 


Note that the center of curvature varies with 
latitude on the oblate spheroid. 


By having the accelerometers level with re- 
spect to astronomical latitude they are kept 
aligned with the local horizon and also with the 
earth’s gravitational field, because the rota- 
tion of the earth which causes the earth’s oblate 
shape also produces a centrifugal deflection 
that causes gravity to be perpendicular to as- 
tronomical latitude. This is shown in the re- 
lated sketch. 


The problem created by local anomalies in 
the direction of the earth’s gravitational field 
is of minor concern. Such deflections are small, 
averaging less than .3 milliradians with maxi- 
mum errors in those regions where mountainous 
coastlines and ocean trenches are in Jjuxta- 
position. Since these disturbances are slight 
and only transitory on long flights, they are 
compensated for only in vehicles with short 
guidance terms, such as ballistic missiles. 


It has been mentioned that the accelerom- 
eters are kept level by the feedback from the 


computers. This can be done in two ways. 


If an inertial unit were stationary at one point 
on the earth’s equator, it would still be necessary 
to rotate the accelerometers to maintain them 
horizontal to the earth. This is due to the 
earth’s angular rotation of 15 degrees per hour 
and because the stabilized platform maintains 
its position in relation to inertial space. 
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A space stabilized platform 


It can also be seen that movement of the 
stabilized platform would require additional 
corrections to keep the accelerometers level. 


In the illustration, the correction on a north- 
south flight to maintain the accelerometers level 
involves the determination of change in astro- 
nomic latitude, and rotating the accelerometer 
platform to account for it. The illustration shows 
an example of a space stabilized system. In this 
example, the stabilized platform maintains its 
reference in relation to inertial space and the 
accelerometers are mounted on a second plat- 
form attached to and stabilized by the gyro 
unit. Here, however, the accelerometer platform 
is rotated to maintain its horizontal to the earth. 
This type of system requires a minimum of five 
gimbals to prevent gimbal lock. 


Another system is in use today which is more 
direct and requires one less gimbal ring. It is 
called the local horizontal system, in which the 
accelerometers are maintained directly on the 
gyro platform. It is necessary to precess the 
gyro platform with a signal from the computer 
sufficient to keep the gyro platform horizontal 
to the earth. In this case the platform is driven 
at arate that will keep it horizontal. 
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While both of these methods have advantages 
it cannot at this time be determined which 
general type operation will be employed in 
future units. 


The Schuler Pendulum 


Previous illustrations have shown that a slight 
error in maintaining the horizontal for an accel- 
erometer would induce a major error in the 
computation of distance. If an accelerometer 
were to pick up an error signal of 1/100 of the 
G-force by not being horizontal to the earth, 
the error: at destination on a one hour flight 
would be solved as follows: 


Error in distance = 4 at ” 
= 1% (1/100) (82.2) (3600)? 
= 32.2/200 (1,296,000) 
= 32.2 (6480) 
= 208,000 feet 


An error would, therefore, be obtained at 
208,000 feet unless some compensating device 
were available. Fortunately, Dr. Maxmillian 
Schuler showed that if a pendulum could be 
constructed with a period equal to approximately 
84 minutes it would be possible to eliminate such 
spurious acceleration errors. 


The fundamental principle of the 84-minute 
pendulum is based on the fact that if a pendulum 
had a radius equal to that of the earth, gravity 
would have no effect on the bob because the 
center of the bob would be at the center of 
gravity of the earth, and hence would always 
remain at rest. This, in fact, would eliminate 
any errors caused by gravity in the determina- 
tion of acceleration. 


Schuler states that if a pendulum has a period 
of 84 minutes (see the computation) it would 
indicate the verticle regardless of acceleration 
of the vehicle. Hence, over an 84-minute period 
it is possible to eliminate certain acceleration 
errors. 





T (period of pendulum)=2 )L/g 


Where: L=physical length of pendulum 
g=effective gravity (approxi- 
mately 32 jt/sec”) 

= ) (3963) (5280) 


(32) (3600) 


oogle 








Where: (3963) =radius of earth in statute 
miles 
(5280) =number of feet per statute 
miles 
(32) =gravity in jt /sec” 
(8600) =number of seconds per hour 
=84 minutes 


This phenomenon, the Schuler pendulum, 
prevents the accumulation of errors caused by 
the measurement of gravity. While it is at pre- 
sent impossible to avoid having gravity com- 
pletely excluded from the measurement of ac- 
celeration, it is possible to simulate the Schuler 
pendulum by employing a feed back from the 
computer. 


This can be illustrated by showing an erron- 
eous acceleration measurement on a north-south 
flight, as described in the steps pertaining to 
the sketch. 


1. Accelerometer horizontal to earth indi- 
cating a false acceleration in a north-south 
flight. 


2. Accelerometer rotated at an angle too 
great because of the distance computation by 
the computer. Here it can be seen that the force 
of gravity acts on the accelerometer to produce 
a deaccelerating force and retard the rotation 
of the accelerometer. 


3. As the movement of acceleration is 
reversed, caused by the deaccelerating force 
of gravity, the acceleration again is level and 
the computation is again correct. This process 
has occurred in 42 minutes or one-half the 
Schuler pendulum period of 84 minutes. 


While the Schuler pendulum concept will 
not compensate for azimuthal errors resulting 
from precession of the steering gyro, it will limit 


AFM 51-40 VOL ll 15 APRIL 1960 


*= = tg > =) Fs EEG <> . wr ss 
eR teary ep A Ecol 
yd ere A UR, TL a 

¥ Via) VE +) 


Taps, Saawad 29) ae, 
‘ fs 7 ay 





Effect of erroneous acceleration measurement on N-S 
heading 


build-up errors due to the measurement of gravi- 
ty as an acceleration. The accompanying 
illustration is of a theoretical flight from New 
York to London showing the effect of the 
Schuler pendulum. The amplitude of the 
Schuler cycle will be dependent upon the over- 
all accuracy of the system. This will mean that 
as inertial units become more precise, the travel 
of the vehicle will correspond more closely to 
a great circle flight. 


It can be seen that if the flight of the air- 
craft is programmed for a time en route that 
is divisible by 42 minutes, the only error at 
destination will be the result of gyro error, and 
no displacement will occur because of false 
vertical. The total error at destination can be 





Effect of 84 minute period on aircraft track 
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further reduced by fixing aids en route, but this 
involves the use of some hybrid system. It 
is also possible through the use of Doppler 
to reduce the amount of offcourse cycling with 
a velocity feed back circuit. 


Inertial Components 


While the four basic components have previ- 
ously been listed, it is important to understand 
the operational theory and the design of each. 
Because of the rapid changes that are occurring 
in the field of inertial, it should not be con- 
cluded that what is briefly covered herein is the 
only answer or even the best answer to a highly 
complex system of navigation. 


ACCELEROMETERS 


Acceleration measuring devices are the heart 
of all inertial systems, and all computations are 
based upon their output. If accelerometers fail 
to provide accurate data, an inertial system 
cannot measure distance or position success- 
fully. It is, therefore, most important that all 
possible sources of errors be eliminated, for 
even very minor miscalculation of acceleration 
tends to produce errors of great magnitude in 
distance. 

It is important, too, that accelerometers have 
a wide range of measurements. While at times 
acceleration measurements may be of consider- 
able magnitude, it is also true that very slight 
or even deaccelerating quantities need to be 
recorded. Thus, changes in temperature and 
pressure must not effect the output of accelera- 
tion. 


While accelerometers can be used that give 
only direction indications of acceleration, it is 






PROPORTIONAL TO VELOCITY 








_;, ACCELERATION 


INSULAR ORIFICE 


also possible and generally preferable to use inte- 
grating accelerometers. By using an integrating 
accelerometer, it is possible to determine and 
adjust for the velocity signal or in the case of 
a double integrating accelerometer, for the dis- 
tance signal. This reduces certain errors that are 
associated with data transfer. 


The basic accelerometer can be described as 
a mass suspended by spring tension. In event 
of forward acceleration, the mass tends to move 
rearward in much the same manner as a person 
being forced to the rear in an accelerating auto- 
mobile. The resulting acceleration can be 
measured by the increment of displacement of 
the mass. 


More refined systems are used in_ inertial 
units. There are a number of these such as a 
rate gyro buoyant cell, and vibrating reed that 
all compute the velocity directly by integrating 
acceleration in conjunction with the initial 
measurement. Double integrating accelerometers 
are also available which, in effect, eliminate the 
need for further integration. 


It should be remembered that an accelerom- 
eter can not detect the difference between effec- 
tive acceleration and gravity. It is important, 
therefore, that the accelerometers be maintained 
normal to gravity so that this spurious error 
is eliminated. 


One method of measuring acceleration is with 
the buoyant cell integrating accelerometer. This 
device is constructed by incorporating a bubble 
or cell into a tube completely filled with fluid, 
as shown in the related sketch. The cell must be 
so tooled that its clearance with the tube is 
uniform and of only slightly smaller diameter. 
This results in an annular orifice which will 


The buoyant cell integrating accelerometer 
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permit fluid to flow between the bubble and the 
tube, but the restrictions to the flow of the 
fluid acts as a damper. The cell is of slightly 
less density than the fluid and will tend to rise, 
but because of the rotation of the tube, the 
buoyant cell permits a uniform orifice for the 
flow of fluid on either acceleration or deaccelera- 
tion. By measuring fluid resistance electrically 
the result is velocity output rather than ac- 
celeration. 


Another type of integrating accelerometer is 
the unbalanced rate gyro. This system is predi- 
eated upon the principle that when an unbal- 
anced gyro is accelerated along its sensitive 
Axis, a precession is induced that is proportional 
to the rate of acceleration. If the total displace- 
ment is then measured, it will be equal to the 
force of acceleration acting through a given 
period of time, or the integral of acceleration 
which is equal to velocity. 


In an unbalanced rate gyro the unbalancing 
force is usually some mass applied to the gyro 
gimbals. This will then cause a desired normal 
precession rate and will permit an accelerating 
force to effect precession. 


This principle can be substantiated by ob- 
servation. If a gyro is precessed slightly over a 
long period of time, it will be displaced by an 
amount corresponding to a greater precession 
rate over a shorter time. This will demonstrate 
that displacement is proportional to the accel- 
erating force and time; that is, the integral 
of acceleration. 


One of the latest developments in the field 
is the double integrating accelerometer. This 
unit is based on the unbalanced gyro and pro- 
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vides the double integration by output measure- 
ments of rotational velocity and rotor displace- 
ment. Other units of similar nature are being 
studied, since encouraging disclosures point to 
the uncovering of a fertile field for inertial 1m- 
provement. 


INTEGRATORS 


While some accelerometers also serve as 
integrators, there is still a definite function of 
integration to perform in all inertial units other 
than those which employ the double integrating 
accelerometer. The integration of both accelera- 
tion and velocity is very critical and the highest 
accuracy is essential. This also means the opera- 
tional range of the integrator must cover every 
possible input signal that it receives, and that its 
operation is completely dependable. 


There are two general types — the analog 
and digital integrator. While both have certain 
advantages, greater accuracy can be obtained 
through the use of digital integrators. Un- 
fortunately, it is often necessary to use an analog 
to digital converter and this operation tends to 
decrease the over-all accuracy of the digital 
integrator. 


One of the most used analog integrators is 
the RC amplifier integrator, as here sketched. 


The operation can be explained by assuming 
a constant input as shown to the left in the 
illustration. At the start, assume the initial 
condition is zero; that is, 


=H. =Eo=0 
The positive voltage to be integrated, “‘e;”’, 


is then applied. Also assume that the capacitor 
is discharged. The capacitor charges with a 


E 
OUTPUT 


RC amplifier integrator 
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polarity as shown, since electrons are attracted 
from the right-hand plate. 


A voltage measured at the amplifier input, 
‘‘e,’’, tends to rise in the positive direction since 
this point is directly coupled to “‘e,’’. However, 
this rise tends to be opposed by the degenera- 
tive feed back voltage from the output. The out- 
put will be —Ae,. The letter “A’’ stands 
for the amplifier gain. The minus sign indicates 
that the output polarity, or phase, is opposite 
to the input. The output changes “A” times 
faster or steeper than “‘e,’’. The output voltage 
will be negative and will aid the charging of the 
condensers. 


For a certain input voltage, the charging 
current is limited to a particular value which 
tends to keep ‘“‘e,”’ practically zero. If the cur- 
rent should exceed this value, “e.’’ would de- 
crease a small amount due to the increased 
voltage drop across R. Then e,(e, =Ae,) would 
decrease, and the charging current would de- 
crease to the original value. If the initial charg- 
ing current should decrease, the opposite ac- 
tion would occur. The value of the charging 
current is, therefore, stabilized to a _ specific 
value proportional to the input voltage. This 
eliminates the error caused by “‘e;’’, and the 
charging current not remaining proportional in 
the fundamental R-C integrator. 


This constant charging current must be pro- 
duced by “‘e,”’ despite the fact that the steadily 
increasing capacitor voltage opposes the charg- 
ing current. To do this, ‘‘e,”” must also steadily 
increase. This steady increase in “‘e,”’ is exactly 
the integrator output voltage desired for a 
constant signal input. 


Similar action would be produced for a con- 
dition in which the input signal suddenly be- 
came negative. Polarities then would be in 
reverse to those shown in the example given. 
Remember that simple examples are used for 
explanation on the assumption that the de- 
sired result also will be produced for a more 
complicated signal input. Removal of ‘“e,” 
would produce little effect upon the output 
which existed at that instant, since the amplifier 
output would oppose the tendency for “C” 
to discharge. 


The limits for ‘“e,’’ are determined by the 
amplifier and not by ‘“‘e;”’ or the range of “e,”’. 
The output range would be designed to pro- 
duce an increasing output for any probable 
input amplitude and period of application. 


Another analog integrator is the AC tachom- 
eter generator which is illustrated and explained 
herewith. 


Here the E input, which is the output of 
the accelerometer, is amplified to turn the motor. 
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The AC tachometer generator 
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The motor physically turns on an AC tachometer 
generator which produces a voltage that is 
opposite and theoretically equal to the original 
input from the accelerometers. However, the 
motor cannot reach its speed instantaneously; 
therefore, the AC tach generator will always 
develop a feed back voltage that is slightly 
less than the input voltage. The rotation of 
the motor is directly proportional to integral 
of acceleration, and this integrated value is 
obtained by the displacement of the rotor mov- 
ing a wiper arm along a potentiometer. There 
are certain limitations to a system such as this, 
but they can be reduced by increasing com- 
ponent tolerances. 


While digital integrators can be adopted for 
use with any accelerometers, there are certain 
types that provide directly usable data. The 
resonating vibrating accelerometer whose out- 
put is a number of beats (proportional to ac- 
celeration) can be accurately counted by the 
digital integrator. The integration of this de- 
vice can be extremely accurate. 


COMPUTERS 


While the computer is essential for any 
inertial unit, it is fundamentally analogous to 
those used in radar and GPI sets. These were 
discussed previously. 


While most computers used in other systems 
are designed for tolerances of approximately 
1% of distance flown, the need for accuracy is 
much greater for inertial, as no en route fixing 
is possible. To obtain the highest level of ac- 
curacy, it can be expected that the digital com- 
puter will replace the currently favored analog 
type. The digital computer is especially adapted 
to programmed flights, and as aircraft increase 
in speed, more flights will probably be pro- 
grammed. 


In a sense (although greater accuracy is 
required) the computer function is less complex 
than that of present GPI units. Since the input 
from the integrators is already defined as dis- 
tance, the operation requires only the solution 
of position. 


It must be remembered that the computer of 
an inertial system has a second function. The 
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computer must send a positioning signal to 
the stabilized platform so that the platform can 
maintain the accelerometers horizontal to the 
earth. 


STABILIZED PLATFORM 


All inertial units use a gyro stabilized plat- 
form to maintain proper accelerometer orienta- 
tion. While the platform configuration may 
vary greatly, each platform must contain a 
minimum of two gyros. If rate gyros are used, 
however, three gyros are needed and each unit 
must have its own independent operating loop. 


When considering platforms, the effectiveness 
is not only determined by the gyros, but also 
the torque motors, servo motors, pick-ofts, 
amplifiers, and wiring. Each of these is essen- 
tial to the operation of the platform. 


It is the gyro, however, that confronts in- 
dustry with its major problems. Many solu- 
tions have been considered, including an air 
bearing gyro. This gyro has only 1/10,000,000 
the friction of a standard gyro, and its real 
precession is negligible. Other gyros have been 
assembled that have precession rates of less 
than 360 degrees in 40 years. 


Gyro stabilized platforms are not a new con- 
cept. They have been used in bombing and fire 
control systems for years. Autopilots use basic- 
ally the same configuration. The major differ- 
ence between those used in inertial and other 
systems 1s higher specifications for accuracy. 
This has required that instead of using a ver- 
tical sensing element like a pendulum it is 
necessary to use a feed back circuit from the 
computer to maintain the platform level. 


HYBRID SYSTEMS 


In the previous discussion only the pure 
inertial unit has been considered. While ex- 
cellent results can be achieved solely by using 
inertial data, the manufacture of units of this 
type must meet the most exacting specifications. 
This does not permit mass production tech- 
niques, and the result is that time and cost 
make it prohibitive for commercial use. 


To permit assembly of mass produced com- 
ponents, the so-called dzrty inertial unit is 
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used. Here an inexpensive inertial system is 
employed in conjunction with another naviga- 
tional aid. If a system is produced that uses a 
fixing aid or a_velocity-drift determination 
(Doppler), then the importance of extreme ac- 
curacy 1s not as critical. 


Some examples of systems requiring less pre- 
cise inertial equipment are the inertial-celestial, 
inertial-Doppler, and the inertial-radar  sys- 
tems. In each of these, the basic theory involves 
using the inertial as the basic system, and hav- 
ing it monitored continuously or at intervals 
by the other elements of the combination. 


While units employing these concepts are in 
production for some military aircraft, the classi- 
fication restriction prohibits a more detailed 
explanation. It appears that true inertial and 
its half-brothers will comprise the future naviga- 
tion systems for military aircraft. 


SUMMARY 


An inertial system is no better than its poor- 
est component. It 1s important, therefore, that 
the accelerometers, integrators, computer and 
stable platform be designed and constructed 
to eliminate any possible inaccuracy. Further- 
more, these components must be married to 
form an over-all inertial system that will cor- 
rectly position an aircraft. This capability re- 
mains one of the greatest challenges to American 
industry. 


While pure inertial is theoretically the ulti- 
mate in a navigation system, the need for a 
product that can be mass assembled is essen- 
tial. For this reason, the dirty inertial is being 
used on today’s aircraft in conjunction with a 
fixing aid or a Doppler tie-in. 


As with any system in its infancy, there are 
many problems connected with inertial, but 
unquestionably, these will be solved eventually. 
Inertial navigation now seems assured a definite 
place in the combat aircraft of tomorrow. 


A Summary of Automatic Systems 


An outstanding example of the integration 
of automatic systems is the B-58. The bombing 
and navigation system in the B-58 integrates 
information from all the types of automatic 
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systems we have just discussed — the GPI, 
Doppler, Inertial, the Astrotracker (Automatic 
Astro Compass) — as well as from its bombing 
radar. Therefore, a basic discussion of this sys- 
tem will provide a good summary of automatic 
systems. 


The duties of the B-58 navigator require that 
they be performed with a minimum of physical 
effort. Therefore, a system was developed which 
would reserve the navigator’s energy for opera- 
tions that could best be accomplished with the 
aid of human judgment and logic. Within 
broad limits, the design task for this system 
was to simplify indications and operations, and 
to provide a reliable system by avoiding un- 
necessary complexity. The end result was a 
dependable, highly efficient system which was 
made possible by the recognition of proven 
principles, utilization of proven components, 
and the big step forward — integration. 


The outputs of the four major components of 
the system are integrated to solve the naviga- 
tion problem. These components function in- 
dividually and also serve to correct one another. 
For example: 


The stable platform feeds azimuth, roll, and 
pitch information to the Doppler system and 
the astrotracker, as well as pitch and roll 
information to the search radar. 


The Doppler radar supplies velocity informa- 
tion to the stable platform to correct for gyro 
precession and to relevel the platform. 


The astrotracker furnishes heading correc- 
tion information to the astrotracker as well as 
fix data for computing present position. 


The search radar provides fix data to correct 
the present position computed from information 
supplied by the astrotracker or Doppler-inertial 
system. 


With the basic integration in mind, a closer 
look at each major component of the integrated 
system Is in order. 


THE STABLE PLATFORM 


The heart of the system is the stable plat- 
form, since accurate velocity and attitude in- 
formation are basic prerequisites of the system. 


Its function is to supply an inertial measure of 
aircraft velocity and attitude. The platform is 
made up of gyroscopes and accelerometers which 
are suspended in a gimbaling arrangement. The 
gyros sense any unwanted angular rotations of 
the platform and give signals to the gimbal 
servos which maintain the platform horizontal. 
The accelerometers furnish velocity information 
which is mixed with the Doppler velocity in a 
way which minimizes the effects of gyro drift 
and accelerometer bias. The mixed velocity is 
used to precess the platform to account for air- 
craft motion over the earth, and is also inte- 
grated to keep aircraft position up-to-date. 


DOPPLER RADAR 


The described purpose of the Doppler radar 
is to provide an accurate long-time average 
velocity measurement. Three fixed transmitting 
antennas send beams to the ground, which are 
reflected and received by three fixed receiving 
antennas. Three orthogonal components of air- 
craft velocity are computed from measurements 
of frequency shifts of the three beams. This 
velocity measurement is inherently referenced 
to the antenna coordinate system and, there- 
fore, aircraft roll and pitch angles from the 
stable platform must be employed to resolve 
the Doppler information into earth coordinates. 


ASTROTRACKER 


The primary purpose of the astrotracker is to 
supply a precision heading reference. It may 
also be used to take position fixes. The inputs 
include aircraft position, star/sun coordinate 
data, and Greenwich Hour-Angle of Aries. The 
astrocomputer solves the necessary equations 
to locate a star and feeds signals to the tracker 
which positions on the star. When sun or star 
tracking is not possible, the azimuth gyro of 
the stable platform, which has been previously 
calibrated by the astrotracker, may be utilized 
as a system heading reference. The azimuth 
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gyro may be used for several hours, with some 
loss of navigational accuracy, before renewing 
the tracker calibration. 


SEARCH RADAR 


The fourth main component is the search 
radar. It is used to remove accumulated dead- 
reckoning errors in the indication of latitude 
and longitude. Presentation of radar sighted 
information is north-oriented and ground-veloci- 
ty compensated to facilitate rapid identification 
of fix points. To remove errors, cross hairs 
are laid on the spot where a point of known 
position is expected to appear. This expected 
point of known position is automatically com- 
puted from the indicated position of the air- 
craft. Any differences between the cross hairs 
and the fix point are then removed by the 
operator through manipulation of the tracking 
handle. This control aligns the cross hairs and 
the fix point. This action also automatically 
corrects the present position indicator. 


Another Look at System Integration 


Note that the B-58 uses a hybrid inertial 
system with the basic inertial data corrected 
by astrotracker and Doppler monitors. Further 
integration of fix data from the search radar 
permits correcting the present position com- 
puted from information provided by the hybrid 
inertial system. 


While all of this integration appears to spell 
complexity, a semiautomatic malfunction de- 
tection unit has been built into the system. This 
unit 1s used in conjunction with a small hand- 
book which will enable the navigator to select 
modes of operation which will correct for mal- 
functions. Although the system is complex, 
it employs an unusual method of insuring re- 
hability. With this integration of automatic 
systems in the B-58, it appears that the navi- 
gator’s equipment has finally overtaken the 
autopilot. 
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ABORT 


Cancellation of a flight or flight requirement by 
an aircrew for weather, personnel, or material 
reasons after station time. 

ABSOLUTE ALTIMETER 


Radio or similar apparatus that is designed to 
indicate the actual height of an aircraft above 
the terrain. 

ABSOLUTE ALTITUDE 


See Altitude. 


AGONIC LINE 

The line on a chart joining all points of zero 
variation. 

AIR ALMANAC 


A joint publication of the US Naval Observatory 
and British Royal Observatory covering a 
four-month period. It contains tabulated values 
of the Greenwich hour angle and declination of 
selected celestial bodies, plus additional celestial 
data used in navigation. 


AIR DISTANCE 


Distance that is measured relative to the mass 
of air through which an aircraft passes; the 
no-wind distance flown in a given time (TAS x 
time). 

AIR PLOT 


A graphic representation of true heading and air 
distance. 


AIR POSITION (AP) 


The no-wind position of an aircraft at a given 
time. 


AIRSPEED 


The speed of an aircraft relative to the air. 
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Basic Airspeed (BAS) 


Indicated airspeed corrected for instrument 
error. 


Calibrated Airspeed (CAS) 


Basic airspeed corrected for pitot-static installa- 
tion and/or the attitude of the aircraft. 


Equivalent Airspeed (EAS) 


Calibrated airspeed corrected for compressibility- 
of-air error. 


Indicated Airspeed (IAS) 


The uncorrected reading obtained from the 
airspeed indicator. 


True Airspeed (TAS) 


Equivalent airspeed corrected for density alti- 
tude (pressure and temperature). 


Airspeed Indicator (ASI) 


An instrument which gives a measure of the 
rate of motion of an aircraft relative to the 
surrounding air. 


AIR TEMPERATURE 
Basic Air Temperature (BAT) 


Indicated air temperature corrected for the 
instrument error. 


Corrected Mean Temperature (CMT) 


The average between the target temperature 
and the true air temperature of flight level. 


Indicated Air Temperature (IAT) 


The uncorrected reading from the free air 
temperature gage. Also known as outside air 
temperature (OAT). 


True Air Temperature (TAT) 


Basic air temperature corrected for the heat of 
compression error. 
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AIRWAY 

An air corridor established for the control of 
traffic. 

ALTER COURSE 

A change in course to a destination or a turning 
point. 

ALTER HEADING 

The change in heading to make good the 
intended course. 

ALTIMETER 

An instrument that measures the elevation of 
an aircraft above a given datum plane. 
ALTIMETER SETTING 


Station pressure reduced to sea level, expressed 
in inches of mercury or millibars. When this 
value is set into the altimeter, the instrument 
reading is indicated true altitude. 


ALTITUDE 
The height of an aircraft above mean sea level 
or above the terrain. 

Absolute Altitude (AA) 


True altitude corrected for terrain elevation; 
the vertical distance of the aircraft above the 
terrain. 


Basic Pressure Altitude (BPA) 


Indicated pressure altitude corrected for instru- 
ment error. Also known as flight-level pressure 
altitude (FL PA). 


Density Altitude (DA, Hd) 


Basic pressure altitude corrected for temperature; 
the vertical distance of the aircraft above the 
standard datum plane. 


Indicated Pressure Altitude (IPA) 


The reading of the pressure altimeter with the 
Kollsman window set at 29.92. 


True Altitude 


The density altitude corrected for pressure 
altitude variation (PAV); the vertical distance 
above mean sea level. 


ALTITUDE, CELESTIAL 


Angular distance of a celestial body above the 
celestial horizon, measured along the vertical 
circle. 

Computed Altitude (HC) 


A mathematical computation of the correct 
celestial altitude of a body at a specific ge- 
ographic position, for a given date and time. . 
Observed Altitude (HO) 
The sextant altitude corrected for sextant and 
observation errors. 
Pre-computed Altitude (HP) 


Computed celestial altitude corrected for all 
known observational errors and adjusted to the 
time of the observed altitude. 

Sextant or Octant Altitude (HS) 


A celestial altitude measured with a sextant or 
octant; the angle measured in a vertical plane 
between an artificial or sea horizon and a 
celestial body. 

ALTITUDE DELAY 


A controlled delay applied to the start of the 
trace to eliminate the altitude hole on the 
PPI-type display. 

ALTITUDE HOLE 


The blank area in the center of the PPI, the 
outer edge of which represents the point on the 
ground immediately beneath the aircraft. 


APPARENT PRECESSION 


See Precession, Apparent. 


APPARENT TIME 


See Time. 


ARIES, FIRST POINT OF (7) 


The point on the equinoctial where the sun 
moving along the ecliptic passes from south to 
north declination. Also known as vernal equinox. 


ASSUMED POSITION 


The geographic position upon which a celestial 
solution is based. 


M2 


ASTROCOMPASS 


An instrument used primarily to obtain true 
heading by reference to celestial bodies. 


ASTRODOME 


A transparent bubble mounted in the top of an 
aircraft fuselage through which celestial obser- 
vations are taken. 


ASTRONOMICAL TRIANGLE 


A triangle on the celestial sphere bounded by 
the observer’s celestial meridian, the vertical 
circle, and the hour circle through the body, 
and having as its vertices the elevated pole, the 
observer’s zenith, and the body. 


AURAL NULL 


The determination by ear of the point of zero 
or minimum audio signal from a radio compass, 
which occurs when the receiver radio signal 
picked up by the two sides of the rotatable loop 
antenna cancel one another. This point indicates 
that the plane of the loop is perpendicular to 
the direction of the transmitted signal and is 
used as a means of determining radio bearings 
in flight. 


AUTOMATIC FLIGHT-CONTROL EQUIPMENT 
(AFCE) 


Autopilot equipment installed in an aircraft to 
maintain desired flight attitude automatically. 
It may also correct for altitude and heading in 
other equipment. 

AUTUMNAL EQUINOX 


See Equinox. 


AZIMUTH ANGLE (Z) 


The interior angle of the astronomical triangle 
at the zenith measured from the observer’s 
meridian to the vertical circle through the body. 


AZIMUTH STABILIZATION 

Orientation of the picture on a radarscope so as 
to place true north at the top of the scope. 
AZIMUTH, TRUE (ZN) 


The angle at the zenith measured clockwise 
from true north to the vertical circle passing 
through the body. 
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BASE LINE 

The shorter arc of the great circle joining the 
master and slave Loran stations. 

BASE LINE EXTENSION 

The extension of the base line through and 
beyond the master and slave Loran stations. 
BASIC AIRSPEED (BAS) 

See Aurspeed. 


BASIC AIR TEMPERATURE (BAT) 


See Air Temperature. 


BASIC PRESSURE ALTITUDE (BPA) 
See Altitude. 


BEACON 


A ground navigational light, radio, or radar 
transmitter used to provide aircraft in flight 
with a signal to serve as a reference to be used 
for the determination of accurate bearings or 
positions. 


BEAM WIDTH 


The effective width in azimuth of radiation 
from an antenna. 


BEAM-WIDTH ERROR 


An azimuth distortion of a radar display caused 
by the width of the radar beam. 


BEARING 


The horizontal angle at a given point, measured 
from a specific reference datum, to a second 
point. The direction of one point relative to 
another, as measured from a specific reference 
datum. 


Magnetic Bearing 


The horizontal angle at a given point, measured 
from magnetic north, clockwise, to the great 
circle through the object or body and the given 
point. 


Relative Bearing (RB) 


The horizontal angle at the aircraft measured 
clockwise from the true heading of the aircraft 
to the great circle containing the aircraft and 
the object or body. 
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True Bearing (TB) 


The horizontal angle at a given point measured 
from true north clockwise to the great circle 
passing through the point and the object or 
body. 


BELLAMY DRIFT 


The net drift angle of the aircraft calculated 
between any two pressure soundings. 


BLIP 


An indication on the CRT; a spot of light 
representing a target; (Loran) an upward 
deflection of the trace representing the received 
signal. Also known as pip. 


BRANCH, LOWER 


Half of an hour circle opposite from ‘upper 
branch,’ defined below. 


BRANCH, UPPER 


That half of an hour circle or meridian which 
contains the celestial body or the observer’s 
position. 


BUBBLE HORIZON 

See Horizon. 
CALIBRATED AIRSPEED 
See Aurspeed. 
CALIBRATION CARD 


A card mounted near an instrument indicating 
the corrections for instrument and installation 
errors. 


CELESTIAL COORDINATES 


See Coordinates. 


CELESTIAL EQUATOR 


The great circle formed by the intersection of 
the plane of the earth’s equator with the celestial 
sphere. Also known as Equinoctial. 


CELESTIAL HORIZON 


See Horizon. 


CELESTIAL MERIDIAN 


A great circle on the celestial sphere formed by 
the intersection of the celestial sphere and any 
plane passing through the North and South 


poles. Any great circle on the celestial sphere 
which passes through the celestial poles. 


CELESTIAL NAVIGATION 
See Navigation Ards. 


CELESTIAL-OBSERVATION ERRORS 
(Sextant or Octant). 
Acceleration Error 


An error caused by the deflection of the liquid 
in the bubble chamber due to any change in 
speed or direction of the aircraft. 


Coriolis Error 


The error introduced in a celestial observation 
taken in flight resulting from the deflective 
force on the liquid in the bubble chamber, as 
caused by the path of the aircraft in counter- 
acting the earth’s rotation. 


Index Error 


An error caused by the misalignment of the 
sighting mechanism of the instrument. 


Parallax Error 


The difference between a body’s altitude above 
an artificial or visible horizon and above the 
celestial horizon. The error is present because 
of the fact that the body is not at an infinite 
distance. 


Personal Error 


Errors in celestial observations caused by sight- 
ing limitations of the observer, or visual inter- 
pretation which he uses in collimating the body 
during observations. 


Refraction Error 


An error caused by the bending of light rays 
in passing through the various layers of the 
atmosphere and/or the astrodome of the aircraft. 


Rhumb-line Correction 


The correction applied for the bubble-accelera- 
tion error caused by the rhumb-line path of the 
aircraft. 


Wander Error 


The bubble-acceleration error caused by a 
change of track during the celestial-shooting 
period. 





CELESTIAL POLES 


The points of intersection of the extension of 
the earth’s axis with the celestial sphere. 


CELESTIAL SPHERE 


An imaginary sphere of infinite radius whose 
center coincides with the center of the earth. 


CHART 


A graphic representation of a section of the 
earth’s surface specifically designed for naviga- 
tional purposes. A chart may also be referred 
to as a Map. Although a chart is usually spe- 
cifically designed as a plotting medium for 
marine or aerial navigation, it may be devoid 
of cultural or topographical data. 


CHECKPOINT 


A geographical reference point used for checking 
the position of an aircraft in flight. As generally 
used, it is a well-defined reference point easily 
discernible from the air. Its exact position is 
known or plotted on the navigational chart, 
and was selected in preflight planning for use 
in checking aircraft position in flight. 


CIRCLES 
Circle of Equal Altitude 


A circle on the earth which is the locus of all 
points equidistant from the subpoint of a 
celestial body. The altitude of a celestial body 
is the same measured from any point on the 
circle. 


Diurnal Circle 


The daily apparent path of a body on the 
celestial sphere caused by the rotation of the 
earth. 


Great Circle 


Any circle on a sphere whose plane passes 
through the center of that sphere. 


Hour Circle 


A great circle on the celestial sphere passing 
through the celestial poles and a given celestial 
body. 


Small Circle 


Any circle on a sphere whose plane does not 
pass through the center of that sphere. 
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Vertical Circle 


A great circle on the celestial sphere which 
passes through the observer’s position and is 
perpendicular to the horizon. 


CIVIL DAY 
See Day. 
CO-ALTITUDE 


The small are of a vertical circle, between the 
observer’s position and the body (90° — 
altitude). 


CO-DECLINATION 
See Polar Distance. 
COEFFICIENTS OF DEVIATION 


Coefficient ‘“‘A’”’ 


The constant deviation due to the misalignment 
of the compass lubber line. 


Coefficient ‘‘B’’ 


Deviation caused by the disturbing magnetism 
in the longitudinal axis of the aircraft. 


Coefficient ‘‘C’’ 


Deviation caused by the disturbing magnetism 
in the lateral axis of the aircraft. 


Coefficients ‘‘D"’ and “‘E”’ 


Quadrantal deviation caused by transient soft 
iron magnetism with maximum effect on inter- 
cardinal headings. 


CO-LATITUDE 


The small arc of the observer’s celestial merid- 
ian, between the elevated pole and the body 
(90° — latitude). 

COLLIMATION 


The correct alignment of the images of the 
bubble of a sextant and the object being ob- 
served. 


COLLIMATOR 


An instrument used for finding the index error 
of a sextant or octant. 


COMPASS 


An instrument which indicates direction meas- 
ured clockwise from true north, or grid north. 
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Direct-Indicating Compass 


A magnetic compass in which the dial, scale, or 
index is carried on the sensing element. 


Distant-Reading or Remote-indicating 


A magnetic compass, the magnetic sensing unit 
of which is installed in an aircraft in a position 
as free as possible from causes of deviation. A 
transmitter system is included so that the com- 
pass indication can be read on a number of re- 
peater dials suitably placed throughout the 
aircraft. 


Magnetic 


An instrument which indicates direction meas- 
ured clockwise from magnetic north. 


COMPASS COMPENSATION 


Any method used to remove compass deviation. 


COMPASS DIRECTION 


The direction measured clockwise from a par- 
ticular compass needle which is more often 
than not displaced from the magnetic meridian 
by local deviating magnetic fields. 


COMPASS HEADING 
See Heading. 


COMPASS NORTH 
See North. 


COMPASS ROSE 


A large circle on the ground graduated clock- 
wise from 0° thru 360° for use as a reference in 
ground-swinging aircraft compasses. It is ori- 
ented with 0° toward magnetic or true north. 
Also a circle on a map or chart graduated 
clockwise from 0° thru 360° (oriented with true 
or magnetic north) to serve as a scale for 
measuring bearings and courses. 


COMPASS SWING 


A procedure for determining compass deviation 
on various aircraft headings for use in compen- 
sating or calibrating the compass. This can be 
done either on the ground or in the air. 


COMPRESSIBILITY-OF-AIR ERROR 


The error caused by the air compressing in the 
pitot-static tube. 
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CONSOL 

A rotating radio signal system utilized for long 
range bearings. 

CONSTELLATION 

A definite pattern of stars identified by legendary 
names. 

CONTOUR LINES 


Lines drawn on maps and charts joining points 
of equal elevation; also, a line connecting points 
of equal altitude on a constant-pressure chart. 


CONTROL POINT 


The position an aircraft must reach at a pre- 
determined time. 


CONTROLLED TIME OF ARRIVAL 


A method of arriving at a destination at a 
specified time by changing direction and/or 
speed of an aircraft. 


COORDINATES 


Celestial (1) 


This equinoctial system involves the use of 
sidereal hour angle and declination to locate a 
point on the celestial sphere with reference to 
the first point of Aries and the equinoctial. 


Celestial (2) 


The horizon system involves the use of azimuth 
and altitude to locate a point on the celestial 
sphere for an instant of time from a specific 
geographical position on the earth. 


Celestial (3) 


The Greenwich system involves the use of 
Greenwich Hour Angle and declination to 
locate a point on the celestial sphere with 
reference to the Greenwich meridian and the 
equinoctial for a given instant of time. 


Geographical 


The latitude and longitude used to locate any 
given point on the surface of the earth. 


Grid 
A system of coordinates in which the area con- 


cerned is divided into rectangles which are in 
turn subdivided, and in which each subdivision 


or the dividing grid lines are designated by 
numbers and/or letters to serve as references in 
locating positions or small areas. Also a rec- 
tangular grid or fictitious chart graticule which 
is oriented with grid north. 


Polar 


A system of coordinates used in locating a point 
by direction and distance from an origin. 


Rectangular 


A system of coordinates based on a rectangular 
lattice or grid; sometimes referred to as grid 
coordinates. 


CORIOLIS ERROR 
See Celestial Observation Errors. 
CORIOLIS FORCE 


An apparent force due to the rotation of the 
earth which causes a moving body to be de- 
flected to the right in the Northern Hemisphere 
and to the left in the Southern Hemisphere. 


COURSE 


The direction of the intended path of an aircraft 
over the earth; or the direction of a line on a 
chart representing the intended aircraft path, 
expressed as the angle measured from a specific 
reference datum clockwise from 0° thru 360° 
to the line. 


Great-Circle Course 


The route between two points on the earth’s 
surface measured along the shorter segment of 
the circumference of the great circle between 
the two points. A great circle course establishes 
the shortest distance over the surface of the 
earth between any two terrestial points. 


Grid Course 


The horizontal angle measured clockwise from 
grid north to the course line. The course of an 
aircraft measured with reference to the north 
direction of a polar grid. 


Magnetic Course 


The horizontal angle measured from the direc- 
tion of magnetic north clockwise to a line 
representing the course of the aircraft. The 
aircraft course measured with reference to 
magnetic north. 


AFM 51-40 VOL II 15 APRIL 1960 


Mercator Course 


The direction of a rhumb line as determined by 
solving the Mercator triangle or by measuring 
on a Mercator chart. The angle measured on a 
Mercator chart from the true north direction of 
a meridian clockwise to the straight line repre- 
senting the course of the aircraft. 


True Course (TC) 


The angle measured clockwise from true north 
to the line representing the intended path of the 
aircraft. 


Course Line (LOP) 


A line of position which is parallel or approx- 
imately parallel to the track of the aircraft. A 
line of position used to check aircraft position 
relative to intended course. 


CRAB 

A correction of aircraft heading into the wind 
to make good a given track; correction for 
wind drift. 

CRUISE CONTROL 

The operation of an aircraft to obtain the max- 
imum efficiency on a particular mission (most 
miles per amount of fuel). 

“D’’ SOUNDING 


The difference between pressure altitude and 
true altitude as determined at a given time in 
flight (true altitude — pressure altitude). 
DATUM 


Refers to a direction, level, or position from 
which angles, heights, depths, speeds, or dis- 
tances are conventionally measured. 


DAY 
Civil Day 


The interval of time between two successive 
lower transits of a meridian by the mean (or 
civil) sun. 


Sidereal Day 


The interval of time between two successive 
upper transits of a meridian by the first point 
of Aries (23 hours 56 minutes). 
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Solar Day 


The interval of time between two successive 
lower transits of a meridian by the true (ap- 
parent) sun. 


DEAD RECKONING 


The directing of an aircraft and determining of 
its position by the application of direction and 
speed data to a previous position. 


DEAD-RECKONING POSITION 


The position of an aircraft determined for a 
given time by the application of direction and 
speed data only. 


DECLINATION (DEC) 


The angular distance to a body on the celestial 
sphere measured north or south through 90° 
from the celestial equator along the hour circle 
of the body (comparable to latitude). 


DENSITY ALTITUDE 
See Altitude. 


DEVIATION 


Compass error caused by the magnetism within 
an aircraft; the angle measured from magnetic 
north eastward or westward to the direction of 
the earth’s lines of magnetic force as deflected 
by the aircraft’s magnetism. 


DEVIATION CORRECTION 


The correction applied to a compass reading 
to correct for deviation error. The numerical 
equivalent of deviation with the algebraic sign 
added to magnetic heading to obtain compass 
heading. 


DIP 


Celestial 
The angle of depression of the visible sea horizon 
due to the elevation of the eye of the observer 
above the level of the sea. 

Magnetic 


The vertical displacement of the compass needle 
from the horizontal caused by the earth’s 
magnetic field. 


DIURNAL CIRCLE 
See Circles. 
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DOG LEG 


A route containing a major alteration of course 
(as opposed to a straight-line course.) 


DOUBLE DRIFT (DD) 


A method of determining the wind by observing 
drift on an initial true heading and two other 
true headings which are flown in a specific 
pattern. Also called multiple drift. 


DRIFT 

The rate of lateral displacement of the aircraft 
by the wind, generally expressed in degrees. 
DRIFT ANGLE 


The angle between true heading and track (or 
true course), expressed as degrees right or left 
according to the way the aircraft has drifted. 


DRIFT CORRECTION 


Correction for drift, expressed in degrees (plus 
or minus), and applied to true course to obtain 
true heading. 


DRIFTMETER 
An instrument used for measuring drift. 


ECLIPTIC 

The great circle on the celestial sphere along 
which the apparent sun, by reason of the earth’s 
annual revolution, appears to move. The plane 
of the ecliptic is tilted to the plane of the 
equator at an angle of 28° 27’. 


EFFECTIVE AIR DISTANCE 

The distance measured along the effective air 
path. 

EFFECTIVE AIR PATH (EAP) 


A straight line on a navigation chart connecting 
two air positions, commonly used ‘between the 
air position of two pressure soundings in order 
to determine effective true airspeed (ETAS) 
between the two soundings. 


EFFECTIVE TRUE AIRSPEED (ETAS) 


The effective air distance divided by the elapsed 
time between two pressure soundings. 


ELEVATED POLE 


That celestial pole which is on the same side of _ 
the equinoctial as the position of the observer. 


EQUAL ALTITUDE 
See Crrcles. 


EQUATION OF TIME 
The amount of time by which the mean sun 


leads or lags behind the true sun at any instant.’ 


The difference between mean and apparent 
times expressed in units of solar time with the 
algebraic sign, so that when added to mean time 
it gives apparent time. 

EQUATOR 


The great circle on the earth’s surface equi- 
distant from the poles. Latitude is measured 
north and south from the equator. 
EQUINOCTIAL 


See Celestial Equator. 
EQUINOX 


Autumnal Equinox 


The point on the equinoctial when the sun, 
moving along the ecliptic, passes from north to 
south declination. This usually occurs on 21 
September. 

Vernal Equinox 


The point on the equinoctial where the sun, 
moving along the ecliptic, passes from south to 
north declination. This usually occurs on 21 
March. 

EQUIVALENT AIRSPEED 


See Azrspeed. 
FAN MARKER 
See Marker Beacons. 


FIELD-ELEVATION PRESSURE 


The existing atmospheric pressure in inches of 
mercury at the elevation of the field. Also 
known as station pressure. 


FIRST POINT OF ARIES (YT) 
See Arves. 
FIX 


The geographic position of an aircraft for a 
specified time, established by navigational aids. 


FLIGHT-LEVEL PRESSURE ALTITUDE (FLPA) 
See Altitude, Basic Pressure. 
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FLIGHT PLAN 


Predetermined information for the conduct of a 
flight. That portion of a flight log that is pre- 
pared before the mission. 


GEOGRAPHICAL COORDINATES 
See Coordinates. 
GEOREF 


An international code reference system for re- 
porting geographical position (similar to rec- 
tangular coordinates). 
GEOSTROPHIC WIND 


The mathematically calculated wind which 
theoretically blows parallel to the contour lines, 
in which only pressure-gradient force and 
coriolis force are considered. 


GRADIENT WIND 


Generally accepted as the actual wind above the 
friction level, influenced by coriolis force, pres- 
sure gradient, and centrifugal force. 


GRATICULE 


A system of vertical and horizontal lines that is 
used to divide a drawing, picture, chart, etc., 
into smaller sections. On a map the graticule 
consists of the latitude and longitude lines. 


GREAT CIRCLE 

See Crrcles. 

GREAT-CIRCLE COURSE 

See Course. 
GREENWICH APPARENT TIME 
See Trme. 

GREENWICH HOUR ANGLE 
See Hour Angle. 

GREENWICH MEAN TIME 

See Time. 


GREENWICH MERIDIAN 

The prime meridian which passes through 
Greenwich, England, and from which longitude 
is Measured east or west. 

GREENWICH SIDEREAL TIME 

See Time. 
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GRID COURSE 
See Course. 


GRID HEADING 
See Heading. 


GRID NAVIGATION 


A method of navigation utilizing a lattice over- 
lay for direction determination. 


GRID NORTH 
See North. 


GRIVATION 
The angle between grid north and magnetic 
north at any point. 
GROUND PLOT 
A graphic representation of track and ground- 
speed. 
GROUND RANGE 
The horizontal distance from the subpoint of the 
aircraft to an object on the ground. 
GROUND RETURN 
The reflection from the terrain as displayed on 
a CRT. 
GROUNDSPEED (GS) 
The actual speed of an aircraft relative to the 
earth’s surface. 
GROUND WAVE 
A radio wave that is propagated over the surface 
of the earth and tends to parallel the earth’s 
surface. 
HACK FEATURE 
The hands of a watch stop while the stem is 
pulled to reset. 
HEADING 
The angular direction of the longitudinal axis 
of an aircraft measured clockwise from a 
reference point. 

Compass Heading (CH) 
The reading taken directly from the compass. 

Grid Heading (GH) 


The heading of an aircraft with reference to 
grid north. 


Magnetic Heading (MH) 


The heading of an aircraft with reference to 
magnetic north. 


True Heading (TH) 


The heading of an aircraft with reference to 
true north. 


HEAT-OF-COMPRESSION ERROR 


The error caused by the increase in the indica- 
tion of the free air temperature gage; due to 
air compression and friction on the case around 
the sensitive element. 


HOMING 


A technique of arriving over a destination by 
keeping the aircraft headed toward that point 
by reference to radio, Loran, radar, or similar 
devices. 


HORIZON 
Bubble Horizon 


An artificial horizon parallel to the celestial 
horizon, established by means of a bubble level. 


Celestial Horizon 


The great circle on the celestial sphere formed 
by the intersection of a plane passing through 
the center of the earth which is parallel to the 
plane tangent to the earth at the observer’s 
position. 


Visible Horizon 
The circle around the observer where earth and 


sky appear to meet. Also called natural horizon 
or sea horizon. 


HOUR ANGLE 
Greenwich Hour Angle (GHA) 


The angular distance measured from the upper 
branch of the Greenwich meridian westward 
through 360° to the upper branch of the hour 
circle passing through a point. 


Local Hour Angle (LHA) 


The angular distance measured from the upper 
branch of the observer’s meridian westward 
through 360° to the upper branch of the hour 
circle passing through a body. 


SIDEREAL HOUR ANGLE (SHA) 


The angular distance measured from the upper 
branch of the hour circle of the first point of 
Aries westward through 360° to the upper 
branch of the hour circle passing through a body. 
HOUR CIRCLE 


See Circle. 


INDEX ERROR 


See Celestzal-Observation Error. 


INDICATED AIRSPEED 
See Aurspeed. 


INDICATED AIR TEMPERATURE 


See Air Temperature. 


INDICATED PRESSURE ALTITUDE 
See Altatude. 


INDUCED PRECESSION 
See Precession, Induced. 


INHERENT DISTORTION 


The distortion of the display of a received radar 
signal caused by the design characteristics of a 
particular radar set. 


INITIAL POINT (IP) 


A preselected geographical position which is 
used as a reference for the beginning of a run 
on a target. 


INTERCEPT, CELESTIAL 


The difference in minutes of arc between an 
observed altitude of a celestial body and its 
computed altitude for the same time. This dif- 
ference is measured as a distance in nautical 
miles from the plotting position along the 
azimuth of the body to determine the point 
through which to plot the line of position. 


INTERNATIONAL DATE LINE 


The anti-meridian of Greenwich, modified to 
avoid island groups and land masses; In crossing 
this Greenwich anti-meridian there is a change 
of local date. 


ISOBAR 


A line connecting points of equal pressure on a 
constant altitude chart. 
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ISOGONIC LINE (lsogonal) 


A line on a chart joining points of equal 
variation. 


ISOGRIV 


A line of a chart joining points of equal 
grivation. 


KNOTS (k) 


Nautical miles per hour. 


LANDFALL 


The first point of land over which an aircraft 
crosses when flying from seaward; also as used 
in celestial navigation; the procedure in which 
an aircraft is flown along a celestial line of 
position which passes through destination. 


LATERAL AXIS 


An imaginary line running through the center 
of gravity of an aircraft, parallel to the straight 
line through both wing tips. 


LATITUDE 


Angular distance measured north or south of 
the equator along a meridian, 0° through 90°. 


LINE OF CONSTANT BEARING 


An unchanging directional relationship between 
two moving objects. 


LINE OF POSITION (LOP) 


A line containing all possible geographic posi- 
tions of an observer at a given instant of time. 


LOCAL APPARENT TIME 


See J'rme. 


LOCAL HOUR ANGLE 
See Local Hour Angle (LHA). 


LOCAL MEAN TIME 
See T2me. 
LOCAL SIDEREAL TIME 


See Time. 


LOCAL ZONE TIME 


See Time, Zone Time. 
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LOG 


A written record of computed or observed flight 
data; generally applied to the written naviga- 
tional record of a flight. 


LONGITUDE 


The angular distance east or west of the Green- 
wich meridian, measured in the plane of the 
equator or of a parallel from 0° to 180°. 


LONGITUDINAL AXIS 


An imaginary line running fore and aft through 
the center of gravity of an aircraft, parallel to 
the axis of the propeller or thrust line. 


LORAN 
See Navigational Ards. 
LUBBER LINE 


A reference mark representing the longitudinal 
axis of an aircraft. 


MAGNETIC COURSE 


See course. 


MAGNETIC DIRECTION 


A direction measured clockwise from the mag- 
netic meridian. 


MAGNETIC HEADING 
See Heading. 


MAGNETIC NORTH 
See North. 


MAP 
See Chart. 


MAP READING 
See Navigational Ards. 


MAP SYMBOLS 


Figures and designs used to represent topograph- 
ical, cultural, and aeronautical features on a 
map or chart. 


MARKER BEACONS 


Radio beacons established at range stations, 
along airways, and at intermediate points be- 
tween range stations to assist pilots and ob- 
servers in fixing position. 
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FAN-type 


A 75-megacycle radio transmitter usually in- 
stalled at strategic points along a radio range 
across the on-course signal. The signal is pro- 
duced in a space shaped like a thick fan imme- 
diately above the transmitter. The signal may 
be received visually or aurally, depending on 
the receiver. 


M-type 


A low-powered, nondirectional radio station 
which transmits a characteristic signal once 
every few seconds. The range of the receiver is 
approximately 10 miles. 


Z-type 


A special 75-inegacycle radio which transmits a 
signal within the cone of silence to enable the 
pilot to identify his position over the range 
station. The signal may be picked up visually 
or aurally depending on the receiver used. In 
Air Force aircraft, a marker-beacon light flashes 
on as the aircraft enters the cone of silence. 


MASTER STATION 


The primary or control transmitter station, the 
signal of which triggers the transmitter of one 
or more other stations. Also a_ transmitter 
station, the signals of which are used by other 
stations as a basis for synchronizing transmis- 
sions. 


MEAN SEA LEVEL (MSL) 


The average level of the sea, used to compute 
barometric pressure. 


MEAN SUN 


An imaginary sun traveling around the equi- 
noctial at the average annual rate of the true 
sun. 


MEAN TIME 

See Time. 
MERCATOR COURSE 
See Course. 


MERIDIONAL PART 


A unit of measurement equal to one minute of 
longitude at the equator. 


MINIMAL FLIGHT PATH 


A path which affords the shortest possible time 
en route, obtained by utilizing maximum 
assistance from the winds. 


MOST PROBABLE POSITION (MPP) 


The computed position of an aircraft determined 
by comparing a DR position and an LOP or a 
fix of doubtful accuracy determined for the same 
time, in which relative weights are given to the 
estimated probable errors of each. 


NADIR 

The point on the celestial sphere directly be- 
neath the observer’s position. 

NAUTICAL MILE (NM) 


A unit of distance used in navigation, 6080 ft; 
the mean length of one minute of longitude on 
the equator; approximately 1 minute of latitude; 
1.15 statute miles. 


NAVIGATION AIDS 
Any means of obtaining a fix or LOP as an aid 
to dead reckoning. 

Celestial (CEL) 
The determination of position by reference to 
celestial bodies. 

Consol 
A rotating radio-signal system utilized for long- 
range bearings. 

Loran (LN) 


An electronic aid to navigation whereby a line 
of position may be determined by measuring 
electronically the time difference between the 
receipt of pulsating signals of radio energy 
received from two different synchronized trans- 
mitting stations. 


Map Reading (M/R) 


The determination of position by identification 
of land marks with their representations on a 
map or chart. 


Pressure Pattern 


The determination of the average drift, or the 
crosswind component of the wind effect on the 
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aircraft for a given period by taking ‘‘D” 
soundings and applying the formula 


(D2 — Di) 
a= ETAS 
where ZN is the cross wind component, K is 
the coriolis constant, ETAS is the effective true 
airspeed, and D, and Dz» are the values of the 
pressure soundings. 


Radar 


The determination of position by obtaining 
information from a radar indicator. 


Radio 


The determination of position by the use of 
radio facilities. 


NORTH 


Compass North 


The direction indicated by the north-seeking 
end of a compass needle. 


Grid North 


An arbitrarily selected direction of a rectangular 
grid. In grid navigation the direction of the 180° 
geographical meridian from the pole is almost 
universally used as standard grid north. 


Magnetic North 


The direction towards the north magnetic pole 
from an observer’s position. 


True North 


The direction from an observer’s position to the 
geographical North Pole. The north direction 
of any geographic meridian. 


OCTANT 


An optical instrument whose prism moves in an 
arc of 45°, enabling it to measure the altitude 
of a celestial body up to 90°. See Sextant. 


PARALLAX ERROR 


See Celestial-Observation E’rrors. 
PERSONAL ERROR 

See Celestial-Observation Errors. 
PITCH 


Movement of an aircraft around the lateral, or 
X, axis. 
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PITOT 


A cylindrical tube with an open end pointed 
upstream; used in measuring impact pressure, 
particularly in an airspeed indicator. 


PITOT-STATIC TUBE 


A parallel or coaxial combination of a pitot and 
static tube. The difference between the impact 
pressure and the static pressure is a function of 
the velocity of flow past the tube and may be 
used to indicate airspeed of an aircraft in flight. 


POLAR DISTANCE 


Angular distance from a celestial pole, or the 
are of an hour circle between the celestial pole 
and a point on the celestial sphere. It is measured 
along an hour circle and may vary from 0° to 
180°, since either pole may be used as the origin 
of measurement. It is usually considered the 
complement of declination, though it may be 
either 90°—declination or 90°+declination, de- 
pending upon the pole used. 


POSITION OPERATION METEOROLOGICAL 
AIRCRAFT REPORTS (POMAR) 


A system of position and weather reporting 
from aircraft in flight. 


PRECESSION 


Apparent 


The apparent deflection of the gyro axis, 
relative to the earth, due to the rotating effect 
of the earth and not due to any applied forces. 


Induced 


The movement of the axis of a spimning gyro 
when a force 1s applied. The gyro precesses 90° 
from the point of applied pressure in the direc- 
tion of rotation. 


Of the Equinox 


The average yearly apparent movement of the 
first point of Aries to the west. 


PRECOMPUTED CURVE 


A graphical representation of the azimuth and/or 
altitude of a celestial body plotted against time 
for a given assumed position (or positions), and 
which is computed for subsequent use for 
celestial observations. Used in celestial naviga- 


XiV 


tion for the determination of position, or to 
check a sextant. 


PRESSURE ALTITUDE VARIATIONS (PAV) 


The pressure difference, in feet, between mean 
sea level and the standard datum plane. 


PRESSURE LINE OF POSITION (PLOP) 


A line of position computed by the application 
of pressure pattern principles. Specifically, a line 
parallel to the effective air path and ZN distance 
from the air position for a given time. 

(See Navigational Ards.) 


PROCEDURE TURN 


A constant-rate turn of an aircraft in flight; 
used for computing the radius of turn and time 
required for its execution when very accurate 
navigation is required in controlling time or 
maintaining accurate, briefed tracks, usually 
associated with the turn made at the initial 
point of a bomb run to insure that the bombing 
run is made on the briefed axis of attack. 


PROJECTION (CHART, MAP) 

A process of mathematically constructing a 
representation of the surface of the earth on a 
flat plane. 

PULSE DURATION OR PULSE WIDTH 

The duration, in microseconds, of each pulse in 
a radar transmission. 

PULSE-LENGTH ERROR 


A range distortion of a radar return caused by 
the duration of the pulse. 


PULSE RECURRENCE FREQUENCY (PRF) 


The number of pulses transmitted per second by 
a radar or radio transmitter. Also known as 
pulse recurrence rate (PRR). 


PULSE RECURRENCE TIME (PRT) 


The interval of time, in microseconds, between 
the transmission of two successive radar or 
radio pulses. 


QUADRANTAL ERROR 


The error in a radio direction indication intro- 
duced by the bending of radio waves by electrical 
currents and structural metal in the aircraft. 


It may also refer to magnetic-compass errors 
resulting from the same causes. 


RADAR BEACON (RACON) 


A stationary transmitter-receiver which sends 
out a coded signal when triggered by a radar 
pulse. 


RADAR BEAM 


A directional concentration of radio energy. 


RADAR NAUTICAL MILE 


The time required for a radar pulse to travel out 
one nautical mile and the echo pulse to return 
(12.4 ms). | 
RADIO COMPASS (ADF) 


A radio receiver equipped with a rotatable loop 
antenna which is used to measure the bearing 
to a radio transmitter. 


RADIO FREQUENCY (RF) 


Any frequency of electrical energy above the 
audio range which is capable of being radiated 
into space. 


RADIO NAVIGATION 
See Navigational Aids. 


RADIUS OF ACTION (R/A) 


The maximum distance that an aircraft can 
fly from its base before returning to the same 
or alternate base and still have a designated 
margin of fuel. 

RADOME 


A bubble-type cover for a radar antenna. 


RANGE CONTROL 

The operation of an aircraft to obtain the 
optimum flying time. 

RANGE DEFINITION 


The accuracy with which a radar set can measure 
range — usually a function of pulse shape. 


RANGE, MAXIMUM 


The maximum distance a given aircraft can 
cover under given conditions by flying at the 
economical speed and altitude at all stages of 
the flight. 
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RECTANGULAR COORDINATES 
See Coordinates. 
REVOLUTION (OF THE EARTH) 


The earth’s elliptical path about the sun which 
determines the length of the year and causes 
the seasons. 


RHUMB LINE 


A line which intersects all meridians at the 
same angle. 


ROTATION (OF THE EARTH) 


The spinning of the earth from west to east on 
its own axis which determines the days. 


RUNNING FIX 


A fix determined from a series of lines of position, 
based on the same object or body and resolved 
for a common time. 


SCAN 


The motion of a beam of r-f energy caused by 
rotating or displacing the reflecting element or 
the antenna in relation to the reflecting element. 
The search pattern of an antenna. 


SCRUBBED 


Cancellation of a mission usually before the 
crew reaches the aircraft. Generally this is a 
command decision. 


SEMI-DIAMETER (SD) 


The value in minutes of are of the radius of the 
sun or the moon. 


SEXTANT 


An optical instrument whose prism moves in an 
are of 60°, enabling it to measure the altitude 
of a celestial body up to 120°. The term is 
commonly applied to all instruments measuring 
the altitude of a celestial body. 


SIDEREAL DAY 

See Day. 

SIDEREAL HOUR ANGLE 
See Hour Angle. 
SIDEREAL TIME 


See T'ume. 


XV 


AFM 51-40 VOL Il 15 APRIL 1960 


SINGLE-DRIFT CORRECTION FLIGHT 

A technique used in pressure-pattern flying 
wherein a net drift is determined and the cor- 
rection applied to the course. 

SKYWAVES 

LN A radio signal reflected one or more times 
from the ionosphere. 

SLANT RANGE 

V Measurement of range along the line of sight. 


SLAVE STATION 


The station of a network which is controlled 
or triggered by the signal from the master 
station. 

SMALL CIRCLE 


See Crrcle. 


SOLAR DAY 
See Day. 


SOLSTICE 

Those points on the ecliptic where the sun reaches 
its greatest northern or southern declination. 
Also the times when these phenomena occur. 


Summer 


That point on the ecliptic where the sun reaches 
its greatest declination having the same name 
as the latitude. 


Winter 


That point on the ecliptic where the sun reaches 
its greatest declination having the opposite 
name as the latitude. 


SPEED LINE (LOP) 


A line of position that intersects the track at 
an angle great enough to be used as an aid in 
determining groundspeed. 


SPOKING 


Periodic flashes of the rotating sweep line on 
the PPI. 


SPOT-SIZE ERROR 


A distortion of a radar return caused by the 
size of the electron spot in a cathode-ray tube. 
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STANDARD DATUM PLANE 


An imaginary surface containing all points 
having a barometric pressure of 29.92 inches of 
mercury at a temperature of 15° centigrade. 
See Altitude, Density. 


STANDARD LAPSE RATE 


Temperature 
A temperature decrease of approximately 2° 
centigrade for each 1,000 feet increase in altitude. 
Pressure 
A decrease in pressure of approximately 1 inch 
of mercury for each 1,000 feet. 
STAR MAGNITUDE 
A measure of the relative apparent brightness 
of stars. 
STATUTE MILE 
5,280 feet or .867 nautical miles. 


SUBPOINT 

That point on the earth’s surface directly 
beneath an object or celestial body. 

SUN LINE 

A line of position obtained by computation 
based on observation of the altitude of the sun 
for a specific time. 

SWEEP 


The luminous line produced on the screen of a 
cathode ray tube by deflection of the electron 
beam. Also called time base line. See Trace. 
SWEEP DELAY 

The electronic delay of the start of the sweep 
used to select a particular segment of the total 
range. 

SWING 

See Compass Swing. 


TARGET-TIMING WIND 


A wind determined from a series of ranges 
and bearings on the same target taken within 
a relatively short period of time. 


TIME 


Apparent Time 


Time measured with reference to the true sun. 
The interval which has elapsed since the last 
lower transit of a given meridian by the true 
sun. 


Greenwich Apparent Time (GAT) 


Local time at the Greenwich meridian measured 
by reference to the true sun. The angle measured 
at the pole or along the equator or equinoctial 
(and converted to time) from the lower branch 
of the Greenwich meridian westward through 
360° to the upper branch of the hour circle 
passing through the true (apparent) sun. 


Greenwich Mean Time (GMT) 


Local time at the Greenwich meridian measured 
by reference to the mean sun. It is the angle 
measured at the pole or along the equator or 
equinoctial (and converted to time) from the 
lower branch of the Greenwich meridian west- 
ward through 360° to the upper branch of the 
hour circle passing through the true (apparent) 
sun. 


Greenwich Mean Time (GMT) 


Local time at the Greenwich meridian measured 
by reference to the mean sun. It is the angle 
measured at the pole or along the equator or 
equinoctial (and converted to time) from the 
lower branch of the Greenwich meridian west- 
ward through 360° to the upper branch of the 
hour circle through the mean sun (formerly 
called Greenwich civil time). 


Greenwich Sidereal Time (GST) 


Local sidereal time at Greenwich. It is equivalent 
to the Greenwich Hour Angle of Aries converted 
to time. 


Local Apparent Time (LAT) 


Local time at the observer’s meridian measured 
by reference to the true sun. The angle measured 
at the pole or along the equator or equinoctial 
(and converted to time) from the lower branch 
of the observer’s meridian westward through 
360° to the upper branch of the hour-circle 
passing through the true (apparent) sun. 
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Local Mean Time (LMT) 


Local time at the observer’s meridian measured 
by reference to the mean sun. It is the angle 
measured at the pole or along the equator or 
equinoctial (and converted to time) from the 
lower branch of the observer’s meridian west- 
ward through 360° to the upper branch of the 
hour circle through the mean (or average) sun. 


Local Sidereal Time (LST) 
Local time at the observer’s meridian measured 
by reference to the first point of Aries. It is 
equivalent to the local hour angle of Aries 
converted to time. 

Mean Time 
Time measured by reference to the mean sun 
(previously called civil time). 

Sidereal Time 
Time measured by reference to the upper branch 
of the first point of Aries. 

Standard 


An arbitrary time, usually fixed by the local 
mean time of the central meridian of the time 
zone. 


Zone Time 
The time used throughout a 15° band of lon- 
gitude. The time is based on the local mean 
time for the center meridian of the zone. 
TIME HACK 
The act of checking a watch with an accurate 
time. 
TIME TICK 
An accurate radio time signal. 


TIME ZONE 


A band on the earth approximately 15° of 
longitude wide, the central meridian of each 
zone generally being 15° or a multiple removed 
from the Greenwich meridian so that the 
standard time of successive zones differs by 
one hour. 


TRACK (TR) 


The actual path of an aircraft over the surface 
of the earth, or its graphic representation; also 
called track made good (TMG). 
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TWILIGHT 


That period of day, after sunset or before sunrise, 
when the observer receives sunlight reflected 
from the atmosphere. 


Astronomical Twilight 


That period which ends in the evening and 
begins in the morning when the sun reaches 
18° below the horizon. 


Civil Twilight 
That period which ends in the evening and 
begins in the morning when the sun reaches 6° 
below the horizon. 

Nautical Twilight 


That period which ends in the evening and 
begins in the morning when the sun reaches 12° 
below the horizon. 


VARIABLE RANGE MARKER (VRM) 


An electronic marker, variable in range, dis- 
played on a CRI, for purposes of accurate 
ranging; sometimes called bomb-release pip. 


VARIATION (VAR) 


The angle difference at a given point between 
true north and magnetic north expressed as the 
number of degrees which magnetic north is 
displaced east or west from true north. The 
angle to be added algebraically to true directions 
to obtain magnetic directions. 


VERNAL EQUINOX 


See Equinox. 


VISIBLE HORIZON 


See Horizon. 


WIND 


Moving air, especially a mass of air having a 
common direction or motion. The term is 
generally limited to air moving horizontally or 
nearly so; vertical streams of air are usually 
called currents. 
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WIND, DIRECTION, AND FORCE 


The direction from which, and the rate at 
which, the wind blows. 


WIND DIRECTION AND VELOCITY (W/V) 


Wind direction and speed. Wind direction is the 
direction from which the wind is_ blowing 
expressed as an angle measured clockwise from 
true north. Wind speed is generally expressed 
in nautical miles or statute miles per hour. 


YEAR, SIDEREAL 


The period of time between two successive 
passages of the sun across a fixed position 
among the stars. Its value is constant, and equal 
to 365 days 06 hours 09 minutes, a true measure 
of the earth’s period of orbital revolution. 


YEAR, TROPICAL, OR APPARENT SOLAR 


The period of time between two successive 
passages of the mean sun through the first point 
of Aries. It has a mean value of 365 days 05 
hours 48.75 minutes. This period contains one 
complete cycle of the seasons and is less than 
the sidereal year owing to the precession of the 
equinoxes. 


ZENITH (Z) 


The point on the celestial sphere directly above 
the observer’s position. 


ZENITH DISTANCE 


The angular distance from the _ observer’s 
position to any point on the celestial sphere 
measured along the vertical circle passing 
through the point. It is equivalent to co- 
altitude, but when applied to a body’s subpoint 
and the observer’s position on the earth it is 
expressed in nautical miles. 


ZN (Pressure Pattern Displacement) 


In pressure pattern flying, the displacement in 
nautical miles, at right angles to the effective 
airpath, due to the crosswind component of the 
geostrophic wind. 


ZONE TIME 


See Tume. 
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CORIOLIS RHUMB LINE CORRECTION TABLE 


Enter the table with track and latitude, extract the correction and 
apply it according to the rules at the bottom of each page. 


NOTE 


Do not use this table when steering by Gyro. Use coriolis table 
in the Air Almanac for groundspeeds less than 300 knots. 
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COMBINED CORIOLIS AND RHUMB LINE CORRECTION * 
(NOT TO BE USED WHEN STEERING BY GYRO) 
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ABBREVIATIONS 

AA absolute altitude EAD effective air distance 
A/C alter course, aircraft EAP effective air path 
AD air distance EAS equivalent airspeed 
A/H alter heading EET end of evening twilight 
alt altitude EQ equator 
Alt Set altimeter setting ETA estimated time of arrival 
ant antenna ETAS effective true airspeed 
AP air Plot, air position °F degrees Fahrenheit 
AS airspeed, mph or knots GAT Greenwich apparent time 
ATA actual time of arrival GCT Greenwich civil time 
Av, Avg average griv grivation 
Az azimuth GS groundspeed 
BAS basic Airspeed GST Greenwich sidereal time 
BAT basic air temperature H1, H2 successive altitudes of a pressure 
BCN, BEA beacon H3, etc surface 
BPA basic pressure altitude Hc computed altitude (celestial) 
°C degrees centigrade Hdg heading 
Cal calibrated Ho observed altitude 
CAS calibrated airspeed H. O. Hydrographic Office (US Navy) 
CCW counterclockwise Hp, PA pressure altitude, precomputed al- 
Cel celestial titude (celestial) 
CH compass heading Hs sextant altitude (celestial) 
CL climb IAS indicated airspeed 
comp compass IAT indicated air temperature 
Cr cruise lH initial heading 
CRT cathode-ray tube Ind indicated 
CW clockwise, continuous wave, canter Int intercept 

wing IP initial Point 
D1,D2,D3 successive “‘D”’ readings IPA indicated pressure altitude 
DA, Hd density altitude ITAS indicated true airspeed 
D/C drift correction k knots 
DCS drift correction angle K constant 
DD double drift L, Lat latitude 
dec declination LAT local apparent time 
dep departure LCT local civil time 
dest destination LHA local hour angle 
dev deviation LMT local mean time 
D/F direction finding LN, Ln loran 
DH desired heading LO level off 
DR dead reckoning Lo, Long Longitude 
E east LOP line of position 
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LST 
LZT 


Mag 
MFP 
MH 
mph 
MPP 
M/R 
MSL 
N 

nm 
OAT 
p 
PAV 
PLOP 
POMAR 


pos 
Pp 

PPI 

PR 

PRF 

PRR 

PRT 
QDM 
QUJ 

R or Refr 
R/A 
Racon 


xxv 


local sidereal time 

local zone time 

minute 

magnetic or magnitude 
minimal flight path 
magnetic heading 

miles per hour 

most probable position 
map reading 

mean sea level 

north or nadir 

nautical mile 

outside air temperature 
pole 

pressure altitude variation 
pressure line of position 
position operational meteorological 
aircraft report 

position 

pressure pattern 

plan position indicator 
position report 

pulse recurrence frequency 
pulse recurrence rate 
pulse recurrence time 
magnetic course to station 
true course to station 
refraction 

radius of action 

radar beacon 


RB 
R.D.F. 


S. D. 
Sext 
Tab 
TAS 
TAT 
TB 
TC 
temp 
TH 
TO 
TP 
Tr 
Twlt 
Var 
VHF 


VLF 


WAC 
WD 
WF 
W/V 


ZD 
Zn 
ZN 


relative bearing 

radio direction finder 

south 

semi-diameter 

sextant 

tabulated 

true airspeed 

true air temperature 

true bearing 

true course 

temperature 

true heading 

takeoff 

turning point 

track 

twilight 

variation 

very-high frequency (30,000- 
300,000kc) 

very-low frequency (below 30kc) 
wind, west 

World Aeronautical Chart 
Wind direction 

wind force 

wind velocity or wind vector 
azimuth angle 

zenith 

zenith distance 

true azimuth 

pressure pattern displacement 








AFM 51-40 VOL Il 15 APRIL 1960 


nalexx 


A 
Advanced Instruments.................. 12-1 
IDTILUM CCT S ich do ioe ee eee a eae 12-1 
Air AIManaC 5 24-64. o8 oho wie bese aose 3-1 
Description of Contents................ 3-1 
Air Traffic Control...................... 13-1 
PIP ROUCC 2% eine peas ak chineieu banked 13-2 
PAE DOU CS ae. tna oune oer uk ey eee 13-2 
PDDPOAC Ns. 6645.2 at aa ee BOS L A es uals 13-2 
Alter Headings, Unscheduled............ 11-39 
Altimeter, Absolute.................... 12-53 
AN/APN-22 Radar Altimeter......... 12-59 
APN/1 Radio Altimeter.............. 12-57 
SCR-718C Radio Altimeter........... 12-53 
7341318 610 6 (: aaa a tana ire 1-15 
Altitude and Azimuth................... 1-14 
Astrocompass, Use of......... 11-41; 12-11, 40 
Accuracy Depends on Sighting........ 12-47 
Alignment of Mount................. 12-52 
Alignment of Sight................... 12-49 
Bearings from Terrestrial Objects. ..... 12-48 
Components................0.00 00004 12-40 
Operating Principles and Instructions. ..12-44 
Star Identification................... 12-49 
Astronomical Triangle...............0..... 4-2 
Automatic Navigation Systems........... 14-1 
B 
B-II Celestial (Vaid) Computer............ 8-4 
Basic Celestial Concepts.................. 1-3 
Basic Theory of Phase Matching.......... 14-3 


Bubble Sextant.................... 6-1; 12-79 
1) 022) (ge Og ea eat erate a eee a 12-81 
Cc 
Celestial Bodies, Motions of.......... 1-5; 1-11 
Available for Observation............. 11-41 
Celestial Concepts...........0....0 00000. 1-1 
IASI Ce cotton iene od ctetutaaes wake tek earls 1-3 
Celestial Coordinates.................... 1-11 
Celestial Curves. ..........0.0......000005 9-1 
Constructing the Curves................ 9-3 
Precomputed Curve.................... 9-1 
Running Curve...................... 9-1, 2 
Stationary Curve...................... 9-] 
Using the Curves....................5. 9-6 
Celestial Fix... ...0.00.0.00..000000.000. 1-18 
PinGine 24 ciscchtic sheep kenny wade hs 5-7 
Celestial: DO Pic, wocu. ota wahanwae hoes 1-17; 6-1 
Plotting and Interpreting............... 5-1 
Celestial Navigation in High Latitudes. . .11-40 
Celestial Precomputation................. 8-1 
Limitations of.....................00. 8-11 
Civil Aeronautics Administration......... 13-1 
Civil Aeronautics Board...... Wea eae ae 13-1 
CosA tite ii bine tis Org ees oe be aoe 4-3 
Coefficient System. .................0.. 12-13 
Coefficients A, Band C............... 12-13 
Coefficients Dand E................. 12-14 
Compasses, Magnetic...................-. 12-9 
AUSWINGING 1:6 ss. csice deny Hoe a aA 12-17 
Astrocompass, Using the........ 12-11, 12-40 
NG oe, 5 ode ene On ts 12-9 
Calibration...............0.....0 0008. 12-10 


XXvii 





AFM 51-40 VOL Il 15 APRIL 1960 


Ground Swinging.................... 12-17 
Gyro Flux-Gate System.............. 12-23 
J-2 Slaved Gyro System.............. 12-25 
J-4 System.... 0.0.0.0... 00. eee eee 12-35 
Magnesyn System................... 12-22 
N-1 System. ..........00.0 00.0000 0005 12-28 
Remote-Indicating Gyro-Stabilized..... 12-18 
Swinging Compass, Using the...... 12-12, 16 


Computing Altitude and True Azimuth... .4-1 


Constructing the Curves.................. 9-3 
Controlled Time of Arrival.............. 13-61 
Gaining Time....................0.. 13-61 
Losing Time...................00005 18-62 
Maximum Time to Lose.............. 13-63 
COLiONS HOKeOi ss foe eee Gate weneu ad 6-7 
D 
Date Changes............. 00.0000 e eee 2-6 
Days in a Year, Number of............... 2-8 
Daytime Celestial Techniques............. 7-8 
Combinations of Sun, Moon and Venus. . .7-9 
Noonday Fix..... Be ey eh ee 7-8 
Dead Reckoning Ahead................. 11-34 
Alternate Pacing Schedules............ 11-36 
Midtime Alter Heading............... 11-35 
PACINO 52, balers Sands beatdown See 11-36 
Declination and Sidereal Hour Angle...... 1-11 
Derivation of LHA and the 
Astronomical Triangle................ 4-1 
Doppler Radar Systems................ 14-25 
Design Characteristics................ 14-29 
Drift and Groundspeed................. 11-52 
Driftmeters & 2075. ocho dh ee th teed bas 12-1 
AIOMIMENE 63:2 daria ted eonedelae Be: 12-3 
eos bcd Lao ee ead 12-1 
|e a ee renee are ee re ee 12-7 
MG atek cist Gos aa ack es ee Seas 12-3 
Using thes i226 ies ict aniein aging 12-11 
Duration of the Light Period............, 7-10 


Xxvill 


E 
Earth’s Principal Motions................. 1-5 
Revolution’. .3.d0-400¢-08 dbs bee baewade bees 1-7 
ROtabion: oi. 6 2 4e. cn een nde exes 1-5 
111) 6) 6 eae a mn oe 1-9 
Electronic Navigation.................. 11-51 
Entering Arguments 
LHA of ArieS. cc... cece ec endies edai es 4-3 
LHA of the Body...................... 4-5 
EQUINOXES «oc eo eee eet be eae eee beak 1-9 
PUA sds a-ak & here Ss 1-10 
VOR Al cicsice ts Ace S85 eee SB aaere ee oe els ex 1-9 
Errors of Sextant Observation............. 6-2 
Acceleration Errors.................200. 6-6 
Instrument Errors..................00. 6-4 
Parallax’ Exror se ohooh eb Soe be a bee basen 6-2 
Refraction Errors.................ee00. 6-4 
Rhumb Line Error..................... 6-9 
Wander Error................e.ce eee 6-10 
F 
Finding Celestial Fix................0000- 5-7 
Planning the: Pix. ce4 saw head ea es ieee 5-11 
First Point of Aries................... 1-9, 12 
Fix Interpretation..................000. 5-17 
Fixes, Methods of Using................. 5-15 
Flight Planning.....................05. 11-53 
Fuel L0ad se oo oie ce ble ies aeo eas 13-15 
Fuel Planning Charts................ 13-15 
Fuel Table......................006. 13-16 
Route Selection and Flight Plan....... 11-53 
Standard Flight Plan................. 13-19 
G 
Greenwich Hour Angle (GHA)....... 1-12; 3-3 
Grid Directions...................000005 11-8 
Construction of Grid Overlay..........11-10 
Effect of Convergence Angle.......... 11-10 
STIVALION 6 io ete Area tees 11-12 
Polar Gridiv dos 4 scaoee bok heher eed x 11-8 
Transition from Subpolar to 
Polar Charts «<3 cacicc2. bi eee cane Beck 11-12 





Ground Position Indicators............. 14-10 
ARN-21 Slave..........0...0...0.00048. 14-24 
BSN =65 4h ateok ca bi beat eas aah oes 14-13 
PRONE tinh oad Se neonate 14-15 
ASN-8 Rho-Theta Dead-Reckoning 

COMPULCR sac. 4 hide oe pas anaes 14-17 

Ground Referenced Systems.............. 14-2 
OVA disc cto Rae ieee ear eats 14-9 
DCCC wctrgdon WA erad Ldaten Geo Seen 14-5 
DGC asd hea Meritt ead Bee ee 14-7 
DGC) <j ihe erie tdi dint ead emeedce ks 14-8 
French radio web.................... 14-10 
NaVarO ki on Gu tin tha oe See eee io 14-8 

Gyro Flux-Gate Compass System........ 12-23 

Gyro Graphs i4ss24beddesistiscnwirs 11-28, 38 
Primary Section..................... 11-28 
Standby Section..................... 11-28 
Twilight Steering.................... 11-34 
USING Chess vtaciou dnc ataeicaeae ees 11-33 

GYRO 00 ok Sieg a oeee tans Wienke es 11-24, 37 
Primary Section. .................... 11-25 
Standby Section..................05. 11-26 
Twilight Steering.................... 11-82 
USING (hes. 6 cess Giese gue tewPaacne 11-30 

Gyro Log-Graph................ 0000005 11-36 
Data in Navigator’s Log.............. 11-40 

Gyro Steering. ............. 0.000000 ee 11-21 
AUCOPNOC suit aah be Gee ek 11-22 
Directional.............0.... 0.000000 11-22 

H 

Fligh: Latitudes cdc. tax pj taw wierd che deed 11-3 
Celestial Navigation in............... 11-40 
Propagation In..................-00. 11-51 

H.O. 249 
Volume. 1.64.53 1505 teem adigeskids 4-3, 13 
Volumes II and III...........0..... 4-5, 10 

FIOPIZON S34 uc ss nat ea es ee eee Cee an 1-14 

Hour Angle, Greenwich.............. 1-12; 3-3 
TOCA cates Sat a ae bedi ee 1-13 
ro) (6 (=) 02>: 1 nen a ee 1-11 

Hybrid systems....................005. 14-47 


AFM 51-40 VOL Il 15 APRIL 1960 


I 
Identifying Planets...................... 10-5 
Identifying Stars..........0....0.....0.5. 10-1 
Indicators, Ground Position............. 14-10 
Indicator, True Airspeed................ 12-61 
Calibration..................... 00004 12-65 
Maximum Allowable................. 12-64 
Inertial Navigation.................... 14-38 
Basic System............... 0.000205. 14-39 
Components.................. 14-44, 45, 47 
Hybrid Systems..................... 14-47 
Schuler Pendulum................... 14-42 
International Civil Aviation 
Organization (ICAO)................ 13-3 
INUETCEDLION haribo tech ene ee sexes 13-49 
PGS Ole da opt dts hoe tenon tines ea ances aoa 13-53 
Computer Solution to 
Intercept Problem................. 13-54 
Determining Course to Intercept....... 13-51 
Direct Intercept..................0.. 13-53 
Lost Aircraft Procedures.............. 13-54 
Maximum Rescue Coverage........... 13-53 
Relative Motion Between 
Moving Objects................... 13-49 
Interpolation for Declination.............. 4-7 
Triple Interpolation................... 4-10 
Interpretation of LOP’s................... 5-4 
J 
J-2 Slaved Gyro 
Magnetic Compass System............ 12-25 
J-4 Compass System. ...............-.. 12-35 
Roll Stabilized N-1 and J-4........... 12-38 
Jet Air Refueling...................... 13-37 
L 
MANTA 8 n5 weeelerc nh ace awed eatin telecasts 7-9 
Latitude 
IDV POlAMN Se n.22 oieen bun wales £ Sekt ee eed 7-1 


XXixX 





AFM 51-40 VOL Il 15 APRIL 1960 


By Meridian Altitude.............. ..I-4 
| bid 5 eRe ee ae a eee ee eS _.11-3 
Light Period, Duration of the............ 7-10 
Band of Darkness Width.............. 7-12 
Graphic Interception Construction...... 7-13 
Moonrise and Moonset........... ee ks 
Sunlight and Moonlight Graphs........ 7-17 
Sunrise and Sunset.................... 7-10 
Local Hour Angle (LHA)................ 1-13 
OP AICS s mee 5-H hate ehid cade ee db ewun en’ 4-3 
Of the Bod Veco he Hadden ees been ks 4-5 
LOP’s, Interception of.................... 5-4 
Celestial........... 0.0... cee eens 6-1 
Conversion of LOP’s................... 5-7 
Finding Celestial Fix................... 5-7 
Most Probable Position (MPP).......... 5-6 
S014 (Cee en es ne 5-4 
Low Level Navigation.................. 18-25 
Crew Coordination................... 13-32 
General Information................. 13-31 
Methods of.....................000- 13-27 
| EG 16 (2) Gee eee ae tee ee ee 13-27 
Celestial.....................00004 13-29 
Planning the Mission................. 13-25 
Track Maintenance.................. 13-29 
M 
Machmeter.............. 0.0000 e ee eee 12-62 
Magnesyn Compass System............. 12-22 
Magnetic Compass Calibration.......... 12-10 
Mans and Charts: <eocaseseeemasaonees 11-7 
Map Reading................-...-5- 11-50 
Methods of Using Fixes.................. 5-15 
Average Track... 4.442040 c0cid sues 5-15 
Combination..................00eeee- 5-17 
FixetOeE 1eeeecd. ous on obs bee baaewee bet 5-16 
NOOndaY J4 x 2.0stacs Geek cen sek ce 7-8 
Sun, Moon and Venus Combinations..... 7-9 
Vector Sum.......- 0. eee eee 5-15 
Military Flying Regulations.............. 13-4 
Military Flight Service.....-............ 13-2 
Mission Planning......--.---+:+.:--00.. 13-5 
Climb and Descent.......----..-...0.. 13-8 
XXX 


Descent Problem.................... 13-11 
Flight Plan Graph.................... 13-6 
General Preparation................... 13-5 
Jet Climb and Descent............... 13-13 
Route Analysis..................0..00- 13-6 
IO OM 653d soe oe ett, aah, ot es Peete 1-11 
Moon, GHA and Declination............ 3-4 
Most Probable Position (MPP) by C-Plot. . .5-6 
Motions of Celestial Bodies.......... 1-5, 1-11 
Body Correction..................0000 8-3 
N 
Navigation in the Polar Areas........... 11-50 
Celestial Navigation in High Latitudes. .11-40 
Electronic Navigation................ 11-51 
Map Reading................0..00005 11-50 
Navigation, Low Level................. 13-25 
Reconnaissance............ 0.00000 ees 13-32 
Navigation Systems, Classification of...... 14-1 
Inertial Navigation. ................. 14-38 
N-1 Compass System..............-.46. 12-28 
Operating Instructions................ 12-32 
Roll Stabilized N-1 and J-4........... 12-38 
NiCAtION =. 3 x eohsiene whoo Aes Pa hens 4-9 
O 
Operational Techniques.................. 13-1 
P 
Phase Matching, Basic Theory of......... 14-3 
PIANOS 5.2584 chen eas ek re Sa ee A Sage 1-11 
Planning the Fix................ cies kote 5-11 
Plotting and Interpreting 
Celestial LOP’s...........0.....00005 5-1 
Intercept Method...................0-- 5-2 
Subpoint Method.....................-. 5-1 
Polar Geography...........-...0-0000205 11-1 
Antarctic. ..........0 0000.0 ee eee 11-3, 6 
ATCC sb hey ed. eta EARS 11-2, 4 











Polar Regions...................00- 000 11-1 
1 OF 4 =) (| 0) Se a 11-1 
Navigation in the.................... 11-50 
WEAChen 2 oan step ne oleae aees 11-4 

Polar Weather..................0...0..0. 11-4 

Polaris 
Steps in the Solution................... 1-2 
Table in H. O. 249.......0.00000.0000.. 7-3 

Poles as Assumed Positions. ............ 11-43 

Position Corrections...................0. 4-10 

Precession 44: 45 Stawe bess eG ee es 11-13 
7 2¥ 6) 0521 2) || A ee 11-14 
Computation...................00050. 11-14 
Earth Rate....................00000. 11-14 
Earth Transport..................... 11-16 
| 8 U2, Cag er ae eee Ry ge Oe 11-15 
Grid Transport...................0.. 11-17 
ROAR c.acieraries isd ah ati-g date Noite 11-14 

Precession and Nutation.................. 4-9 

Precession Formulas, Use of............. 11-20 

Precomputation Techniques............... 8-3 
Corrections Applied to He.............. 8-3 
Motion of the Body Correction.......... 8-3 
Precomputing DR Positions............. 8-4 

Presetting the Sextant.................... 8-1 

PYOJECUIONS ics seats hn hayes hy Yaw 11-7 
Conformity. ..........0 0.0... 000 00008. 11-7 
Great Circle Representation............ 11-7 
Limits of Utility...................... 11-8 
Meridian Representation............... 11-7 
Scale Variation...................005. 11-7 

R 

Radar Systems, Doppler................ 14-25 

Radius of Action....................04. 13-55 
Computer Solution................... 13-59 
To an Alternate Base................ 13-59 
To the Same Base................... 13-57 

Range Controlecio sity dscsay beri eet cass 13-13 
OAR eg oe aca ds oka oie een oe 13-23 
Flight Plan Fuel Load................ 13-15 
Flight Planning Fuel Table............ 13-16 


AFM 51-40 VOL Il 15 APRIL 1960 


Fuel Planning Chart................. 13-15 
In-Flight Use of..............0..000.. 13-24 
OG ices te date NM Gatanee nt at eeA ate ace. ten eaen aay 13-25 
Standard Flight Plan................. 13-19 
Reconnaissance Navigation............. 13-32 
Aerial (Photography)................. 13-32 
WICCUONICs 24sec: ooo cee eee tek et eas 13-36 
FRAG AE satis osteo, be absence 13-34 
Specialized. ............ 0.0.00 c eee 13-36 
Relationship of time and longitude......... 2-5 
Rendezvous Equipment................. 13-37 
APN-69 (Radar Responder Beacon)... .18-37 
ARN-6 Radio Compass............... 13-38 
Rendezvous Procedures................. 13-38 
BU GY cede 5 ahaeeees Se ew Rawr iee 13-39 
Head Of. 6 1d 8 5 65.58 Gb ee ee 13-39 
POMC) bac onennseciesaosewoens claws? 13-39 
S 

Schuler Pendulum...................... 14-42 
Search Operations.............. dai teiee se 4 13-40 
Flying the Search Mission.............13-48 
Lost Aircraft Procedures.............. 13-54 

Maximum Rescue Coverage | 
(Direct Intercept).................. 13-53 


Navigating the Search Mission. .......13-43 
Search Area Classification.............18-41 


Search Patterns...................... 13-45 
S@ASONS -s ho cdns bad Od badd ede boe eae 1-10 
SOXUANS oo heo oot heeded dance pies 12-68 

Be lO ng ste eters outed eee ous neds 12-68 

A-14 (AN 5851-1)........00..0......... 12-69 

yo 0 a en en eee ere en eae 12-73 

MAA ov ics aecceta eens eendaeaskietes 12-81 

MA-2—Hand Held Bubble............ 12-79 

| 2) ge 66) 0) | eer 12-74 
Sextants and Errors of Observation........ 6-1 

Presetting the Sextant.................. 8-1 
Sextant, Use of Periscopic..... 11-44; 12-11, 74 | 
Sight Reduction tn Polar Regions........ 11-43 
Single LOR’ 22 wieciceruseiseieseee eeu: 5-4 
Sky Diagrams «224 65.34 ivh sees obese ets 10-3 


XXXi 








AFM 51-40 VOL Il 15 APRIL 1960 






Se AOAC = aaa a ate oe ati ak Ab ee any 2-3 Meni Aeucas wae wat vobiad oat 
Observation. 36s eee axead ys la. MRSS 
Solar System and Its Galaxy.............. 1-2 Of Transit . al ie aK 
Solstice (Computer Method)......... ve 1-5 
VIAIIGCE sh hele on ec ec ees Be ees ee ee ct oy 1-9 (Graphic Method)......... ~ df 
Weis 25. a blo inset Acree Bee 1-10 Scheduled... cc. sass Sede ws : ag ss 
Special Celestial Techniques............... 7-1 ay CSI Ae Pog ae nen - tae a 
PAY UG gs NN i, Gene Be ets hoe ele WAG 7-8 a RE aid fs 2 
Special Plotting Techniques.............. 8-11 DONG 6 sn eek eee ‘ 
Plotting Fix on DR or Vaid Computer. . .8-11 fee Tha ee 
Preplotting True Azimuths............. 8-11 RPS aT oh one ee Oo CE See a3 
St Time of Transit a 
ar en ee ee 
(Computer Method)........... nse eee 
Charts Se eel, Cees Oo wee, Sie Red aes ek, Sil ae 10-3 e ° ih AGA ne 
raphic Method). .........:48 vs pada! 
Pinder‘anu, Identifier.,.20.244 cn1.ee.0%00 10-5 ee a a 
Gs seine hid ere a ctl et 10-2, 3 Triple Interpolation............ [ji y MAP 
Stars, GHA and declination............... 3-5 True Airspeed Indicator...........-. eet 2-61 
Star Identification................ Wag TUS ORNs serene ae 
Twilight Planning: s..6..40 e660 these lL 4A 
Stationary Curve Sextant Check........... 9-1 Twilight Belt...................2% a 1-46 
Sun and Planets, GHA and Declination... .. S238 Twilight Computer..........-.-+ +0 - dite 
Twilight Sky Compass................ 11-47 
T 
WwW 
Tee Pee le RAE A Ole FEO Ce em ee a Wander and Acceleration Errors, i 
Greenwich Apparent................... 2-2 ORIEL UCU TOR hein ae oaaAs wy me 
ECAP BP VOR ts fis olict'an dao cand ereas 2-2 Weather, Polar.............. Ri paicters ..4 
XXXil *U. S. GOVERNMENT PRINTING OFFICE: 1966 O - 228-384 
—————— BSEISSEEOSSSS 3 a 


Digitized by Google 





_ 











fa 


err, 
mega 

Se, 
ue, 


wf, 
+ 


Ws 


Ut be rad 


AT, 





